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Abstract 

Neutral beam injection (NBI) is an effective method for plasma heating and current 

drive for fusion devices.  In a neutral beam injector, charged particles are produced in the 

ion source, accelerated, neutralized and injected into the target plasmas confined in the 

fusion machine.  Having the advantages of high neutralization efficiency, negative-ion-

based Neutral Beam Injector (N-NBI) has been intensively developed to inject the beam 

with sufficient penetration length in the fusion plasmas.  As the source of negative ions, 

the negative ion source determines the performance of the N-NBI system.  Comparing to 

positive ion sources, negative ion sources have some differences, which are (1) the 

negative ones involve strong magnetic field to magnetize electrons in the source, (2) the 

source plasma consists of electrons, positive and negative ions, and (3) a part of electrons 

are extracted together with negative ions.  In order to understand the mechanisms of 

electron and positive ion flow during beam extraction and the extraction of negative ions 

in Cs-seeded plasmas for the improvement of the present negative hydrogen ion source, 

investigation on charged particle dynamics of the negative-ion-rich plasma has been 

conducted.  In this research, Langmuir probe, cavity ring-down, photodetachment, and 

four-pin directional Langmuir probe have been utilized for the experiments on the 

negative hydrogen ion source to investigate the characteristics of the negative-ion-rich 

plasma and the charged particle flows. 

In Chapter 1, the worldwide energy issue and the importance of the development of 

magnetic confinement fusion was introduced.  A neutral beam injector can inject high 

energy particles into a fusion device to heat the target plasma and drive plasma current. 

Having the advantages of high neutralization efficiency and low beam divergence angle, 

the N-NBI system is a preferable choice.  The basis of negative hydrogen ion source has 

been introduced in this Chapter.  In a negative hydrogen ion source, negative ions (H-) 

are produced by two mechanisms: (1) volume production and (2) surface production.  In 

a practical negative ion source, Cs vapor is seeded and H- ions are mainly produced by 
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the mechanism of surface production.  At National Institute for Fusion Science (NIFS), 

remarkable results have been achieved.  The injection energy reached 190 keV and the 

total injection power was kept more than 15 MW.  Research on improvements of the 

negative ion source is still necessary to obtain the stable and high power beam injections.  

In the R&D Negative Hydrogen Ion Source (NIFS-RNIS), negative-ion-rich plasma, of 

which electron density is one to two orders lower than that of H- ion, has been observed 

in the beam extraction region.  During beam extraction, H- ion density decreases due to 

the extraction and electrons flow to the extraction region together with positive ions.  

Consequently, negative-ion-rich plasma is contaminated with electrons, and the co-

extracted electron current is increased.  The co-extracted electrons are filtered from the 

beam and absorbed onto the extraction grid.  Increment of co-extracted electron current 

carries more heat load to the extraction grid and causes damages in high power and long 

pulse beam acceleration.  Understanding of the mechanisms of the electron and positive 

ion flow in the extraction region and H- extraction is required for the improvement of the 

negative hydrogen ion source. 

In Chapter 2, the negative ion source RNIS utilized for the experiments was 

introduced and described, as well as the diagnostic methods.  This ion source is divided 

into a driver region and an extraction region by a transversal magnetic field named filter 

field. Plasma is generated by filament-arc discharge and confined in the multi-cusp 

magnetic field.  Diagnostic tools including Langmuir probe, cavity ring-down and 

photodetachment technique have been applied to the experiments.  Langmuir probe 

provided basic plasma parameters, for example, plasma potential Vs, electron density ne, 

electron temperature Te and so on.  Although line-averaged H- ion density has been 

accurately obtained by cavity ring-down, H- ion density at a specific point is necessary 

for this research.  For this purpose, photodetachment technique has been applied to the 

experiments.  H- ion density nH- is proportional to the photodetachment current and a 

coefficient is required to evaluate nH-.  In the conventional photodetachment method for 

electron-rich plasma, the coefficient is determined by the ratio of photodetachment 

current to electron saturation current of the probe.  However, this method is not available 

in negative-ion-rich plasma.  Then a new method based on the combination of cavity 

ring-down and photodetachment has been developed to determine the coefficient for the 
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estimation of nH-.  This is the first time that nH- at a specific point is measured in a Cs-

seeded negative ion source.  In principle, this new method has no limitation of plasma 

condition. 

In Chapter 3, the basic characteristics of the RNIS have been investigated by the 

diagnostics tools introduced in Chapter 2.  The negative ion source requires long Cs-

conditioning time because of the complicated and slow Cs expansion. After seeding Cs 

into the plasma, the plasma potential Vs decreases due to the emission of H- ions from the 

plasma-grid surface.  The density of surface-produced H- ions increases comparable to 

electron density ne, which decreases as increasing nH- during Cs-seeding.  The electron 

density ne is sensitive to the bias voltage applied to the plasma grid with respect to the 

plasma chamber, and ne decreases at higher bias voltage.  nH- in the extraction region is 

lower at higher bias voltage of the plasma grid.  It is necessary to apply low bias voltage 

to the plasma grid to obtain high H- beam current with the premise of avoiding damage 

on the extraction grid.  Hydrogen pressure also influences the plasma in the extraction 

region.  In this experiments, nH- decreases at high pressure due to the mutual 

neutralization with positive ions, since the temperature of positive ions decreases at high 

pressure and the reaction rate of mutual neutralization increases. Therefore, extraction 

and acceleration currents decrease at higher pressure.  Low operational gas pressure is 

beneficial to the negative ion source, because the stripping loss of H- ions due to 

collisions with neutral molecules and atoms is reduced.  However, the discharge is 

unstable in extremely low gas pressure, because the plasma of the ion source is sustained 

by electrons impact ionization and the mean free paths of electrons are larger at lower 

pressure.  In addition, electron percentage in the source plasma increases with respect to 

H- percentage in low gas pressure.  Consequently, 0.2 to 0.4 Pa of hydrogen pressure is a 

proper choice for the operation of the negative ion source for NBI. 

In the negative hydrogen ion source for NBI, an electron deflection magnetic field 

(EDM field) is introduced in the extraction gap to filter the co-extracted electrons.  This 

EDM field forms a loop field by partially penetrating into the extraction region.  The 

result of plasma profile measured with a Langmuir probe indicates that the boundary of 
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the EDM field is at ~10 mm apart from plasma grid.  Electrons near the plasma grid are 

magnetized with the EDM field and trapped into the cusp region of the field. 

The plasma response to extraction field has been investigated by scanning the 

measurement position of the Langmuir probe and photodetachment probe perpendicular 

to the plasma grid.  By comparing the profiles of the probe saturation current and nH- 

before and during beam extraction, the profile of the plasma response to the extraction 

region has been obtained.  The results show that the maximum ne increase and nH- 

decrement caused by the beam extraction is at ~20 mm apart from the plasma grid.  The 

linear extrapolation of the profiles suggests the boundary of the extraction region and 

driver region of the ion source is at ~40 mm apart from the plasma grid.  Although the 

maximum response is initially expected close to the extraction aperture, the experimental 

results show that the peak position of the plasma response is located far from the plasma 

grid. 

In Chapter 4, flows of electrons and positive ions have been investigated by a four-

pin directional Langmuir probe.  The flow direction has been determined by the periodic 

distribution of the probe saturation current by rotating the directional Langmuir probe. 

The flow speed has been determined by the difference of probe saturation currents at 

upstream and downstream positions. The movement of electrons and positive ions are 

ambipolar.  Flow changes of electron and positive ion have been observed by subtracting 

the two-dimensional flow patterns before and during beam extraction.  By considering 

the flow pattern before beam extraction as a background and the transition of flow occurs 

is in a finite time, the change of the flow velocity is regarded as the flux increments of 

electrons and positive ions induced by beam extraction.  The flux increments are from 

lower to upper side and trapped into the cusp region of the EDM field.  The channel of 

the flux increments is at ~20 mm apart from the plasma grid and this region is the 

transition region of the filter field and the EDM field.  Therefore, the probe located in this 

region can detect the maximum plasma response to the extraction field. 

In Chapter 5, the four-pin directional Langmuir probe with photodetachment has been 

utilized to the experiments to investigate H- flow for the understanding of the extraction 

mechanism and the unexpected position of the maximum H- ion density reduction.  The 
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flow velocity has been estimated using the recovery speed of the H- ion in the 

photodetachment region at upstream and downstream probe tips.  Meanwhile, 

temperature of H- ions has been obtained.  The result indicates that in the extraction 

region, temperature of H- ions is ~0.12 eV which is consistent with the result of saturated 

cavity ring-down measurement.  The two-dimensional flow pattern of H- ions suggests 

that H- ions come from the direction of the plasma grid and flow to the extraction region.  

During beam extraction, H- flow turns to the aperture direction at ~20 mm apart from the 

plasma grid.  Therefore, the maximum reduction of nH- can be detected near this position.  

In the extraction region, the Larmor radius of H- ion is ~10 mm.  Note that the boundary 

of the EDM field is at ~10 mm apart from the plasma grid.  These two dimensions 

elucidate the existence of stagnation point of the H- ions located at ~20 mm apart from 

the plasma grid.   

In conclusion, it becomes clear that H- ions undergo following sequence from 

production to extraction by applying extraction field: (1) H- ions come from the direction 

of the metal part of the plasma grid, (2) once flow towards the plasma in the extraction 

region, (3) turn at the stagnation point located at ~20 mm apart from the plasma grid and 

(4) move to the aperture of the plasma grid.  The behavior of the H- flow is affected by 

the EDM field and filter field.  The region of the stagnation point corresponds to the 

transition region of the filter field and the EDM field.  In this region, the extraction-

induced additional electron and positive-ion fluxes increase and the stagnation point 

appears.  Consequently, the maximum plasma response to the extraction field is far from 

the plasma grid.  In addition, the H- ion temperature is estimated to be ~ 0.12 eV.  This is 

one of the evidences that negative hydrogen ion beam has a low beam divergence angle.  

In the NIFS-RNIS, H- ions are not extracted directed from the surface of the plasma grid 

but mainly from the region near the aperture of the plasma grid.   

Since the extraction process occurs in the region near the plasma-grid aperture, the 

improvement of the negative hydrogen ion source is possible to be focused to this region.  

One of the improved method is to increase the EDM field, and then boundary of the 

EDM field becomes far from the plasma grid.  More H- ions will be extracted by 

increasing the magnetic region.  Meanwhile, suppression of electrons near the plasma 
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grid is then enhanced.  Consequently, the increase in the extracted H- ion current and 

decrease in electron component are possible.  The performance of the negative ion source 

is expected to improve. 
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1. Introduction 

1.1 Global energy issues and fusion reactor 

A fundamental characteristic of modern industrial society is the consumption of large 

amount of energy.  The production and development are driven by the use of technology 

which depends on the external energy source in the industrial society [1]. The use of large 

amount of energy is also essential for food production due to the mechanization of 

agriculture. The required human labor decreases as the increasing efficiency and the 

excess labor is moved to the urban and participates in the industrial production or service 

industries.  The urban is supported by the input of external energy for the activities of 

production, daily life, transportation, storage, and so on [2]. Consequently, the growth of 

modern industrial society is correlated with the energy consumption.  Figure 1-1 shows 

the correlation of energy use and gross domestic product (GDP) around the world in 2012.  

It is apparent that the countries having higher GDP per capita consumed more energy. 

During the first industrial revolution, coal became the main source of energy in the 

production activities.  In the past decades, fossil fuel including oil, coal, and natural gas 

so on, captured around 80% of the energy consumption for human beings as illustrated in 

Figure 1-2.  The heavy used of the fossil fuel caused serious environment issues.  Most of 

the greenhouse gas emissions come from the combustion of fossil fuels which also 

produces pollution to the air due to the emissions of SO2, NOx, and heavy metals.  As a 

consequence, acid rain is produced and falls to the Earth causing influence to the natural.  

In addition, the polluted air can also lead to respiratory diseases because the particles of 

the emissions can induce negative effects to the health when inhaled by people. 

Presently, the fossil fuel supports the source of the energy mainly.  Unfortunately, the 

amount of fossil fuel is limited and cannot be reproduced.  Figure 1-3 shows the so called 

"peak oil" theory [3] which indicates the point of the maximum production of petroleum.  
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After the peak oil point, the rate of production of petroleum is expected to enter terminal 

decline and people have to face to the shortage of energy for the daily life and the growth 

of industry.  This brings a demand to find an alternative energy source for the future.  

 

Figure 1-1. Annual energy consumption versus annual GDP per capita. (Data source: World 

Bank Group, 2012) 

 

Figure 1-2. Fossil fuel energy consumption. Fossil fuel comprises coal, oil, petroleum, and 

natural gas products. (Data source: World Bank Group, 2012) 
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Figure 1-3. Oil and gas production profile [3].  

Even renewable energy which comes from the resources can be naturally replenished, 

such as solar energy, wind, tides, and geothermal heat etc. have been widely developed, 

its efficiency is limited and the stability is influenced by the circumstance.  Actually, 

these energy resources fluctuate time by time and the deviation exceeds the acceptance of 

the industrial usage of electricity.  Nuclear power plants based on nuclear fission seems a 

good choice because of the low fuel consumption.  However, people have to consider the 

risk of accidents and incidents of nuclear power plants.  Additionally, disposal of the 

nuclear waste, including high-level, intermediate-level, and low-level waste, is a critical 

issue since people have to develop technology to seal the radionuclide safely and find 

appropriate permanent sites which is still under way in some countries [4].   

Without the disadvantages of the emissions of greenhouse and toxic gases, 

particulates and inducing environmental disaster due to accidents, a nuclear fusion reactor 

is considered as an excellent alternative to fossil fuel and fission reactor.  In a fusion 

reactor, nuclear fusion reactions occur when two atomic nuclei come close enough and 

then collide to form a new nucleus since the strong nuclear force which pulls the two 

nuclei together exceeds the Coulomb’s force which pushes them away.  Large amount of 

energy is released during this process.  Nuclear fusion is the mechanism of energy 

production in a star [5]. 
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For a fusion reactor used for a power plant, the fuel is limited to the lightest element 

which is the easiest atom to ignite because of the small charge.  The isotopes of hydrogen, 

deuterium (D) and tritium (T) are selected as the fuel for a fusion reactor.  The process of 

the fusion of deuterium and tritium is 

 D + T → 4He (3.5 MeV) + n (14.1 MeV). (1-1) 

Deuterium is a stable isotope of hydrogen and can be extracted from seawater. 

Tritium is not stable and quite rare in nature.  It can be produced inside the fusion reactor 

from the breeding blanket when energetic neutrons impact the lithium of the blanket: 

 n + 6Li → T + 4He +4.8 MeV, (1-2) 

 n + 7Li → T + 4He + n - 2.5 MeV. (1-3) 

The reaction cross section σ is an evaluation of the fusion reaction probability which 

depends on the relative velocity of the two colliding nuclei.  Usually, the nuclei have a 

velocity distribution.  Therefore, an average over the distributions of cross section and 

velocity, <σv>, which is called “reactivity”, is used to evaluate the reaction rate.  Figure 

1-4 indicates that for D-T reaction, high temperature is necessary since the reactivity 

decreases rapidly when the temperature is lower than 20 keV.  At the temperature 

required according to Figure 1-4, the fuel deuterium and tritium exist in plasma state. 

Huge amount of supply of power is required to the fusion reactor to produce and 

maintain the deuterium and tritium plasma.  In order to realize net output of energy from 

a fusion reactor, the heating of the plasma by fusion reaction is required to be sufficient 

to maintain the temperature of the plasma and to compensate the power losses from the 

plasma, and then a steady state can be obtained.  The condition to obtain such steady state 

of plasma is called “Lawson criterion”.  Since the produced heating by fusion reaction 

can sustain the plasma temperature against the energy losses, the applied external heating 

can be removed and the plasma is maintained by internal heating.  The Lawson criterion 

is the condition for starting burning plasma.  It suggests a minimum requirement on the 

product of plasma (electron) density ne, confinement time τE, and plasma temperature Tpl.  

For D-T reaction, the requirement for starting burning plasma is 

 ne Tpl τE > 3 × 1021 m-3 keV s. (1-4) 
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The minimum value of the product neTplτE appears when the plasma temperature is 

close to 14 keV [6].  It is essential to heat up the plasma in a fusion reactor above the 

ignition temperature. 

 

Figure 1-4. Fusion reaction rate between light atoms [5]. 

 

1.2 Neutral beam injection 

There are several means to heat up the plasma in a fusion reactor including ohmic 

heating, electron cyclotron resonance heating (ECRH), ion cyclotron resonance heating 



12 

 

(ICRH), and neutral beam injection (NBI) heating.  The theme of this thesis focuses on 

the neutral beam injection (NBI). Only NBI will be introduced. 

The fundamental concept of NBI is the injection of a high-energy beam of neutral 

atoms, typically hydrogen or deuterium into the plasma in the fusion reactor.  The atoms 

in the high-energy beam transfer their energy to the plasma, and then the plasma is heated 

up and temperature increases. 

By injecting high-energy neutral beam into the plasma in a fusion reactor, a neutral 

beam injector is possible to be applied for several purposes.  They are summarized as 

followings: 

(1) Plasma heating [7,8] 

In order to realize the plasma temperature higher than 10 keV for ignition, neutral 

beam injection heating is one of the approaches.  The energetic neutral atoms injected 

into the plasma from a neutral beam injector are ionized by electron-impact ionization, 

ion-impact ionization, and charge exchange, and then captured by the magnetic field of 

the fusion reactor. The energetic ions converted from the neutral atoms transfer their 

energy to electrons and ions by collisions.  The temperature of plasma increases, 

consequently. 

Plasma heating by NBI has archived remarkable results for fusion reactor research.  

For instance, fusion power of 16 MW has been produced at 22.3 MW of input NBI power 

on the Joint European Torus (JET) [9]. 

(2) Current drive [10,11] 

On a Tokamak-type fusion reactor, plasma current is important for the confinement of 

the plasma.  It is difficult to produce the plasma current continuously by the transformer 

via the change of magnetic flux for long time.  Neutral beam injection acts as one of the 

effective methods for non-inductive current drive for the steady operation of a Tokamak-

type fusion reactor.   

(3) Fuelling [8] 
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In addition to the injection of gas puffing and pellets injection to increase the plasma 

density, neutral beam injection is also a desirable method to fuel the fusion reactor. The 

particle flux from NBI can be expressed as 

 Nf = 6.25 × 1021 P/Ef, (1-5) 

where the Nf is the particle flux, P is the injection power in MW, and Ef is the injection 

energy in keV. 

Particles from NBI can fuel the central plasma due to their high energy.  This is 

essential to control the central plasma density. 

(4) Plasma diagnostics [12-15] 

Neutral beam injection can also be applied for the diagnostics of the plasma to 

measure several plasma parameters such as ion temperature, density of impurities, plasma 

current density profile, and plasma rotation speed etc. by Doppler effect, Stark effect, and 

charge exchange recombination spectroscopy (CXRS) after the high energy beam is 

injected into the plasma. 

 

 

Figure 1-5. Conceptual illustration of a neutral beam injector. 
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Conceptual view of neutral beam injector is schematically shown in Figure 1-5.  At 

the head part of the neutral beam injector, the left most part of the Figure 1-5, a device 

producing low temperature plasma is installed, from which, ions are generated and 

extracted.  This device gives the name “ion source”.  Ions produced in the ion source are 

extracted by so-called extraction and acceleration grid system which is also known as 

“beam optical system”.  Ions are accelerated by the electrostatic field of the acceleration 

grids and focused to form an ion beam.  The ion beam then enters the neutralization cell 

and the ions collide with the background gas, experience charge exchange for positive 

ions or electron stripping for negative ions.  A part of the ions are neutralized during this 

process and a neutral beam is formed.  The remaining ions which are not neutralized and 

the positive ions via re-ionization process are then deflected by a magnetic field, and 

absorbed by a residual ion beam dump.  Since the neutralized particles are not influenced 

by the magnetic field and can pass through the magnetic field directly, the neutral beam is 

injected into the fusion reactor.   

In a fusion reactor, the injected neutral particles experience collision with the 

background plasma and lose energy during this process.  The penetration depth of the 

neutral beam L depends on the initial energy of the neutral beam and the density of the 

background plasma: 

 L = (E/A)/18ne, (1-6) 

where the unit of L is meter, E is the energy of the neutral beam in keV, A is the mass of 

the injected neutral particle in amu, and ne is the plasma density in 1019m-3. In order to 

heat the central plasma, high energy neutral beam is desirable.   

The neutralization of the accelerated ion beam happens in the neutralization cell of 

the NBI system by the collisions of ions with background gas and neutralization 

efficiency is determined by the collision cross sections.  For deuteron and proton (D+/H+) 

the maximum neutralization efficiency drops down steepy as the beam energy is higher 

than 100 keV and decreases to be lower than 20% at 200 keV of beam energy. This 

brings a serious issue to the overall efficiency of the NBI system and a decrease to the 

output power.  In addition, the remaining ions which are not neutralized in the NBI 

system causes amount of heat load to the beam.  On the other hand, the neutralization 
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efficiency of negative deuterium / hydrogen ions (D-/H-) can keep higher than 60% even 

the beam energy reaches 1 MeV as shown in Figure 1-6 [16,17].  Having this advantage, 

the negative ion based NBI system (N-NBI) is a desirable device to obtain high energy 

beam. 

 

Figure 1-6. Maximum neutralization efficiency of D- and D+ beam versus beam energy [16]. 

 

In addition to the neutralization efficiency, the N-NBI system has advantage in beam 

divergence.  For a Tokamak, dense toroidal coils are necessary in order to generate strong 

toroidal magnetic field, and then the space for an injection port is limited because the 

injection port can only be in the gap between two neighbor coils. For a stellarator, the coil 

structure is complicated in order to generate proper helical magnetic field.  A challenge 

of the injection port design also exists due to the limited space.  For a practical fusion 

reactor, for example DEMO (DEMOnstration Power Plant), D-T reactions happen in the 

reactor and large number of neutrons is produced.  The vessel of the fusion reactor has 

components for shielding the neutrons.  However, the NBI injection port is a leakage 

window for neutrons.  The neutron flux can travel to the outside of the fusion reactor 

through the injection port.  Consequently, an injection port with dimension as small as 

possible is appropriate.  The requirement of small injection port introduces the demand of 

neutral beam with small divergence. 
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Under the condition of well designed beam optics system, the minimum beam 

divergence is influenced by the ion temperature and space charge mainly.  The ion 

temperature introduces a transverse speed in to the particles in the beam.  During beam 

transport, the beam can also expand due to the repulsive force caused by space charge.  In 

an positive ion source based on filament-arc discharge, the ion temperature is around 1 

eV [18].  Coupland et al. has calculated the ion temperature which reaches 7 eV in a 

helium ion source [19].  On the other hand, the negative ion temperature in a negative 

hydrogen ion source is one order lower than the positive ion temperature [20].  Table 1-1 

shows the beam parameters of positive NBI system on some devices.  It can be found that 

the divergence angle of the ion beam extracted from positive ion sources is around 1o.   

This value is consistent with the statement that under “perveance match” condition, 80% 

of the ion beam current extracted from a positive ion source can be found within a 

divergence angle of less than ±1.15o [18].  

Table 1-1. Beam parameters of positive NBI system on some devices. 

Device 

Extraction 

grid 

dimension 

[cm] 

Transparency 

Beam energy [kV] 

/Current [A] /Pulse 

width [s] 

Current 

density 

[A/cm2] 

Divergence 

angle 
Ref. 

DITE φ22 0.53 30/35/0.2 0.175 1.15o [21] 

HL-1M 12×25 0.48 30/50/0.15 0.35 1.5o [22] 

TEXTOR 23×48 0.36 55/88/10 0.22 0.95o [23] 

JT-60 12×27 0.4 75/35/10 0.28 1.1 o [24] 

HL-2A φ17.4 0.49 55/25/2 0.21 1 o [25] 

TFTR 12×43 0.6 120/70/2 0.23 1 o [26] 

 

On the Large Helical Device (LHD) at the National Institute for Fusion Science 

(NIFS), both positive and negative NBI systems are equipped.  The beam divergence of 

the positive ion beam is 1.1o.  On the other hand, the ion beam divergence angle of the N-

NBI system is less than 0.29o [27].  The small divergence angle of the negative ion beam 

is not only because of the low negative ion temperature, but also attributed to the low 

current density.  From Table 1-1, it can be found that the typical positive ion beam 

current density is around 200 mA/cm2.  The current density of a negative ion beam 

extracted from a negative ion source for N-NBI is around 30 mA/cm2 [27].  Therefore, 
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the space charge effect of negative ion beam is one order lower than that of positive ion 

beam.  The divergence of the negative ion beam due to space charge is lower. 

Owning to the low divergence angle of negative ion beam, it is possible to design the 

long beam path for the beam line, and this is beneficial to reduce neutron flux and of 

magnetic strength from torus.  

 

Figure 1-7. Beam line configuration of LHD 

 

The N-NBI system has been used in LHD [28] and JT-60U [29] due to its advantages 

in neutralization efficiency at the beam energy more than 100 keV and beam divergence.  

It will also play an essential role in plasma heating and current drive for ITER [30].  The 

N-NBI systems have contributed remarkable achievements for LHD.  As shown in Figure 

1-7, LHD is equipped with 5 beam lines (BL).   Beam lines 1, 2 and 3 are N-NBI and BL 

4 and 5 are positive ion-based NBI (P-NBI).  Two negative ion sourced are installed on 

each beam line.  By optimizing caesium (Cs) dose rate and beam control, the injection 

power by the three N-NBI beam lines has reached and kept 15 MW as shown in Figure 
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1-8. The injection power and H- ion current density are presented in Figure 1-9. The 

maximum injection power per beam line has reached 6.9 MW and the current density of 

H- ions has achieved 340 A/m2 which exceeded ITER NBI requirement on beam current 

density.  

 

Figure 1-8. Total injection power of N-NBI systems on LHD 

At Japan Atomic Energy Agency (JAEA), an arc-driven negative ion source was 

applied for the NBI beam line of JT-60SA.  The beam energy reached 0.5 MeV.  The 

maximum beam current depended on the beam duration which was 32 A at 1 s of beam 

duration and decreased to 15 A at 100 s of beam duration.  Correspondingly, the beam 

current was 189 A/m2 and 89 A/m2 at 1 s and 100 s of beam duration, respectively.  The 

maximum beam duration was 100 s [31]. 

 

Figure 1-9. Injection power (a) and current density (b) of LHD-NBI per beam line 

(a) (b) 
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1.3 Basis of negative hydrogen ion source 

The early application of H- ions was to double the particle energy in a DC particle 

accelerator, which is called “tandem accelerator”.  According to this concept, an H- ion is 

accelerated from ground (0 V) to high positive potential (+V) which is sustained by an 

electrode.  At the electrode, incoming H- ions are converted to protons through thin film 

by stripping two electrons.  The protons are accelerated from high positive potential (+V) 

to ground (0 V).  Finally, a beam with energy which is twice of applied DC voltage on 

the acceleration electrode can be obtained [32].  The schematic illustration of this concept 

is shown in Figure 1-10. 

 

Figure 1-10. Schematic illustration of energy doubling in a DC accelerator 

The advantages of using negative ions in an accelerator are not only to double the 

final energy of the particles.  In a cyclotron, because H- ions are converted to protons,   

the Lorentz force applied to the particles changes its direction.  As a consequence, the 

extraction of the accelerated beam becomes much simpler [33].  Over the past decades, a 

variety of negative ion sources have been applied to many accelerators for various 

purposes [34].  The research of negative hydrogen ion source oriented to NBI systems of 

fusion reactors started from 1970s.  So far, the negative-ion-based NBI system has 

become indispensable equipment for the advanced fusion reactor. 

Of course, a question listed at the top is how to produce H- ions in a negative ion 

source.  The H- ion production mechanisms can be classified to two types: (1) volume 

process and (2) surface process. 
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 1.3.1 Volume process 

 

Figure 1-11. Schematic illustration of potential energy curve for H2 and H2
- 

In pure hydrogen plasma, H- ions are produced mainly though the process of 

dissociative attachment (DA) of electrons to vibrationally excited H2 molecules.  

Experimental investigations have been conducted by G. J. Schulz and D. Rapp in order to 

measure the cross section of DA in the process of electron colliding with vibrationally 

excited H2 molecules in 1s-1s state at low electron energy [35,36].  In this process, an 

electron is temporarily captured to the H2 molecule and an intermediate H2
- state is 

formed.  The lifetime of this H2
- state is only ~10-15 s and then a decay process occurs 

with production of a neutral hydrogen atom and a negative hydrogen ion as described as 

following, 

 
  HH)(He)1(H 2

2

1

2 ug eXsX  . (1-7) 

This process is schematically demonstrated in Figure 1-11.  The cross section for the 

reaction has a maximum value 1.6 × 10-21 cm2 or 2.8 × 10-21 cm2 (depending on the 

choice of the data) [37] at electron energy of 3.75 eV which is the threshold energy for 

the formation of H- ions, since at incident electron energy lower than 3.75 eV, the reverse 
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auto-detachment is very possible and compound system can decay to the ground or a 

higher vibrational state by emitting an electron [36]. 

In 1979, a drastic increase of the DA cross sections have been found theoretically and 

experimentally when H2 molecules are in either vibrationally or rotationally excited states 

[38,39].  An impressive phenomenon is that the cross sections increase by four orders of 

magnitude for excited H2 molecules from the vibrationally excited state v’’ = 0 to v’’ = 4.  

Table 1-2 shows the cross sections of DA process for H2 molecules in vibrationally 

excited states v’’ = 0 to v’’ = 9 calculated by Wadehra [38]. 

Table 1-2. Dissociative attachment cross sections near thresholds for H2 molecules at 

vibratinally excited states v’’ = 0 to v’’ = 9 [38]. 

v’’ Electron energy [eV] Cross section [cm2] 

0 3.75 2.8×10-21 

1 3.23 8.3×10-20 

2 2.75 1.0×10-18 

3 2.29 7.5×10-18 

4 1.86 3.8×10-17 

5 1.46 1.2×10-16 

6 1.08 2.9×10-16 

7 0.74 4.3×10-16 

8 0.42 3.2×10-16 

9 0.14 4.3×10-16 

 

Since the cross sections for DA process are enhanced much if H2 molecules are in 

vibrationally or rotationally excited states, the main mechanism to produce H- ions in 

pure hydrogen plasma can be considered as the process of dissociative attachment of 

electrons to excited H2 molecules.  This is a two-step process [40] : (1), Production of 

vibrationally and rotationally excited H2 molecules H2
*(v’’) and (2), Formation of H- ions 

by dissociatively attaching low energy electrons to H2
*(v’’) molecules, as described as 

follows: 

 e)(HeH *

22  v'' , (1-8) 

 HHe)(H*

2  v'' . (1-9) 
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In Allan’s experiments, the dependence of vibrationally excited states of H2 

molecules on electron energy has been investigated [39].  If electron energy is lower than 

5 eV, H2 molecules at ground electronic state are excited to vibrational states up to v’’ = 

4 by the collisions between electrons and H2 molecules.  The formation of H- ions in this 

process is 

 e)'''',1(H)eV5(e)'',1(H 1*

2

1

2   vvsXvsX gg  , (1-10) 

 HH1eV)e()'',1(H 1*

2   vsX g  . (1-11) 

In 1979, Bacal has measured H- ion density using photodetachment technique in arc 

discharge plasmas.  The result showed that the H- ion density reached as high as 30% of 

positive ion density at optimized arc condition and pressure [41].  The reactions described 

in Equation 1-10 and 1-11 were the main processes for the formation of H- ions [40,41] in 

this experiment.  However, in Equation 1-10, the most possible value for Δv’’ is Δv’’ = 

±1, and a higher vibrational state is difficult to reach [42].  In order to obtain the 

population of H2 molecules in higher vibrationally excited states, collisions of H2 

molecules in ground vibrational state with energetic electrons are required.  The 

processes for the formation of H- ions involving in energetic electrons are [42,43] 

 e),2,2(H)eV20(e)0'',1(H 11*

2

1

2    pCpBvsX uug
, (1-12) 

 hν)'',1(H),2,2(H 1*

2

11*

2   vsXpCpB guu   , (1-13) 

 HH1eV)~e()'',1(H 1*

2   vsX g  . (1-14) 

H2 molecules in ground electronic state are excited to high electronic states including 

all members of singlet electronic states (B, C …) as indicated by line 1 in Figure 1-12.  

The singlet states then decay to ground electronic state with a photon emission, but in 

higher vibrational states as indicated by line 2 in Figure 1-12.  H- ions are then produced 

when low energy electrons are attached to the highly vibrationally excited H2 molecules.  

The cross section is large if electron energy is around 1 eV [38].  In a negative hydrogen 

ion source, H- ions produced through volume production mechanism are mainly 

generated from the H2 molecules in high vibrational states (v’’>4) [42].  The process in 

Equation 1-12 is effective if the electron energy is higher than 20 eV and the cross 

sections reach maxima at incident electron energy of about 40 eV [44]. 
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Figure 1-12. Potential energy curves for H2 and H2
- in different states. 

 

According to the mechanism of volume process for producing H- ions, in order to 

obtain intense H- ions in the ion source, requirements can be summarized as follows 

briefly: 

(1). Energetic electrons (20-40 eV) are necessary to obtain large cross sections to 

excite H2 molecules to high vibrational states. 

(2). Low energy electrons (~1 eV) are necessary to obtain large cross sections for DA 

process of electrons to excited H2 molecules (v’’ > 4). 
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(3). Electron affinity of an H- ion is 0.754 eV.  Electron with energy higher than 1 eV 

can destroy H- ion through the electron detachment (ED) process 

 e2H)eV1(eH  . (1-15) 

 

 

Figure 1-13. Cross section and reaction rate for ED process of H- ions vs. electron energy. 

 

The cross section and reaction rate for ED process has been shown in Figure 1-13 

[45].  The cross section increases drastically when the electron energy is higher than 1 eV.  

Therefore, it is necessary to keep the electron energy lower than 1 eV to minimize losses 

of H- ions. 

A negative hydrogen ion source should have the ability of producing plasma with 

energetic electrons in order to maximize the production of excited H2 molecules (v’’ > 4).  

In addition, low energy electrons are required to reduce the destruction of H- ions.  

Satisfying these requirements, the concept of “tandem-type ion source” has been widely 

used by the negative hydrogen ion sources for NBI systems. 
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Figure 1-14. Schematic illustration of a volume production negative hydrogen ion source. 

 

Figure 1-14 shows the schematic illustration of a “tandem-type” volume production 

negative hydrogen ion source.  A typical characteristic of the ion source is the application 

of filter magnetic field which divides the ion source into a driver region and an 

extraction/production region.  In the driver region, plasma is generated by filament-arc 

discharge.  Primary electrons emitted from the hot filaments has energy high enough to 

excite H2 molecules to high vibrational states (v’’ > 4).  The filter magnetic field plays a 

role of barrier for the primary electrons to prevent them from directly flowing from the 

driver region to the extraction/production region [30].  Energetic electrons are trapped 

into the filter magnetic field, diffuse across the filter field and experience collisions with 
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other particles.  As a consequence, electrons lose their energy and are thermalized.  Low 

temperature electrons (Te < 1 eV) can be obtained in the extraction/production region for 

the production of H- ions through DA process.  H- ions are mainly concentrated in the 

extraction/production region in which the DA process is effective and losses of H- ions by 

ED reaction are minimized.  Sufficient H- current can be obtained  by volume process.  

However, H2 gas load is too high and not acceptable for practical N-NBI . 

 

1.3.2 Surface process 

Production of H- ions through so-called surface process is the main mechanism for 

the present negative hydrogen ion sources applied to NBI systems for fusion 

experimental devices.  A significant improvement in the negative ion production has been 

achieved by seeding a small amount of Cs into the negative ion source [46].  This has 

been shown that the production of H- ions is dominated by surface processes on the wall 

of the negative ion source [47].  In the surface processes, H- ions are emitted from the 

metal surface with low work function in the process of (1), energetic hydrogen atoms (H) 

impacting with the wall and being bounced back to the plasma with capturing an 

additional electron and (2), positive ions (H+, H2
+ and H3

+) impacting with the wall and 

being emitted back as H- ions  [18,48].   

If an H atom has enough energy higher than the work function of the metal-wall 

surface, the yield of H- ions depends on the energy of incident atoms.  Experiments by 

Lee and Seidl have shown that the maximum yield is as high as 25% for an H atom 

temperature of 5 eV with Cs covered Mo surface [49].  The dependence of H- ion yield 

on the energy of incident H atom is shown in Figure 1-15. 

If the incident particles are enrgetic positive ions, the yield of H- ions is also denpends 

on the energy of the positive ions.  Experiments by M. Seidl et al. have demostrated that a 

saturation in H- yield can be found for a Cs covered Mo surface with work function of 1.5 

eV [50].  The threshold energy for the saturation is ~15 eV as shown in Figure 1-16. 
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Figure 1-15. Depenced of H- ion yeild on the energy per incident H atoms [49]. 

 

 

Figure 1-16. Dependence of H- ion yield on the incident energy per nucleus [50]. 
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In order to produce H- ions the backscattered particles need to capture electrons from 

the atoms of the surface.  The probabilty of H- ion production denpends on the work 

function of the metal surface and decrease with the increasing work function significantly 

[18].  However, the electron affinity of H- in interaction-free condition is only ~0.754 eV.  

On the other hand, the work function of refactory metals, such as tangsten and 

molybdenium, used in dense plasma exceeds 4 eV (for tungsten: 4.55 eV and for 

molybdenum: 4.6 eV) [43].  In order to produce H- ion effectively through surface 

process, it is essential to reduce the work function of the metal surface. 

Generally, the work function of the metal surface can be decreased by covered with 

low work function materials such as alkaline earth atoms.  The work function of the metal 

surface covered with alkaline atoms can be lower than the work function of the substrate.  

In all the potential materials, caesium (Cs) has the lowest work function which is only 2.1 

eV.  Therefore, Cs has been chosen for negative hydrogen ion sources applied for NBI 

systems. 

The work function of the metal surface depends on the Cs coverage.  As shown in 

Figure 1-17, schematically, the work function of the Mo surface decreases with the 

increasing Cs coverage.  The minimum work function appears at Cs coverage of 0.6 

monolayes for the (110) face of a single Mo crystal.  When the Cs coverage is higher than 

1 monolayer, the work function is up to about 2.1 eV [18,51] and approaches to the work 

function of Cs metal.  The behavior of work function dependence on the Cs coverage has 

been observed in the experiments [52] as shown in Figure 1-18.  The work function of 

clean W (110) surface is measured as 5.1 eV and decreases initially toward the minimum 

value 1.45 eV with around half a monolayer Cs.  Further Cs coverage increases the work 

function to 2.15 eV.  The conversion efficiency of H+ ions to H- ions is also shown in 

Figure 1-18 Corresponding to the minimum work function, the maximum conversion 

efficiency can be found. 
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Figure 1-17. Dependence of work function of Cs covered Mo surface on the thickness of Cs 

layer. 

 

Figure 1-18. Dependence of surface work function for the (110) face and H- ion conversion 

efficiency on the surface density of deposited Cs [52]. 

 

An optimum Cs condition exists due to the existence of minimum work function for 

the surface production of H- ions.  It is possible to reach to the optimum Cs condition in a 

negative hydrogen ion source from the engineering point of view, because the ionic 

characteristic is partially included in the half a monolayer Cs on W and Mo metals.  Due 

to the ionic characteristic, the binding energy between the Cs and those metals are much 
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stronger than the metallic bond of Cs-Cs.  Overmuch Cs atoms on the metal surface can 

be sputtered into the chamber by the energetic particles in plasmas or evaporated by 

controlling the temperature of the metal surface. 

 

1.3.3 A brief review of the negative ion sources used for NBI systems 

 

In order to produce dense H- ions, regular hydrogen plasma should be generated in 

the ion source.  In principle, all kinds of discharge producing large area plasma can be 

used, including: 

(1), Arc discharge 

(2), Radio frequency (RF) discharge 

(3), Electron cyclotron resonance (ECR) discharge 

(4), Magnetron glow discharge 

(5), Microwave discharge 

Various kinds of negative ion sources have been developed for NBI systems. In a 

charge exchange ion source, it has been reported that by using a 1.5 keV 200 mA D+ ion 

beam which is extracted from a multi-aperture ion source, passing through Cs vapor, a 50 

mA D- beam has been obtained [53].  Because of the disadvantages of polluting the beam 

line by Cs vapor, large beam divergence angle and difficulty in matching with accelerator 

system, this type of ion source was not used since 1980s.  The magnetron type negative 

ion source was historically the first negative ion source.  The H- ion current increased 

from several milliampere to 880 mA by seeding Cs into the ion source [54,55].   In 1980s, 

a type of multicusp surface production ion source has been developed [56].  This ion 

source has been improved by replacing the Cs-coated copper surface by a pure Ba surface 

at the end of 1980s [57].  The developments of volume production negative ion sources 

were accelerated after the enhancement of DA process of electrons to the high 

vibrationally exited H2 molecules was found [39,41] and the application of filter 
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magnetic field [58].  In 1990, a 3.4 A H- ion beam was obtained in the volume production 

negative ion source at JAEA with H2 pressure of 2.1 Pa [59].  However, this ion source 

was not enough for a NBI system since the high operational pressure and low H- ion 

current density which was 13 mA/cm2.  The performance of this type of ion source has 

been increased significantly by seeding a small amount of Cs in to the ion source 

following the experiments of Leung [60]. 

With the considerations of high power (several ten kilowatts), stability of the plasma 

and robustness of the ion source, only arc-discharge-driven and RF-discharge-driven ion 

source have been used for NBI systems in present.  So far, 34 mA/cm2 H- ion beams have 

been achieved in the arc-discharge-driven ion source for LHD-NBI at NIFS.  At JAEA, 

the H- ion beam extracted from an arc-discharge-driven ion source reached 18.9 mA/cm2.  

In IPP Garching, an RF-driven negative ion source has been developed oriented to the 

application of NBI systems of ITER.  The H- ion current density has reached 35 mA/cm2 

with 4 s beam extraction [61]. 

 

1.4 Objective of present work 

In a negative hydrogen ion source, electrons, H- ions and positive ions exist in the 

beam extraction region.  By applying extraction voltage, both H- ions and electrons are 

extracted since H- ions and electrons have the same charge polarity.  The extracted H- 

ions are the required particle for the beam used for N-NBI.  On the other hand, the 

extracted electrons, named co-extracted electrons are unnecessary and have to be 

removed from the beam.  A deflection magnetic field is applied to the extraction grid to 

suppress electrons near the plasma grid and deflect the co-extracted electrons [62].  The 

co-extracted electrons are mainly absorbed by the extraction grid.  Consequently, the 

extraction grid has to suffer additional heat load bringing by the co-extracted electrons.   

In the experiments on NIFS Research and Development Negative Ion Source (NIFS-

RNIS), it has been observed that H- ion density decrease by applying extraction voltage 

and meanwhile electron density increase in the beam extraction region.  This 
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phenomenon indicates that H- ions are partially replaced by the electrons flowing from 

the driver region during beam extraction [63].  Therefore, the ratio of H- ion density to 

electron density decreases. The ratio of accelerated current to the extraction current then 

also decreases.  The efficiency of the negative ion source can be increased if the H- ion 

density is possible to be kept constant and additional incoming electrons are possible to 

be suppressed during beam extraction.  The detailed transport dynamics in negative ion 

source is unknown and has not been measured yet.  In order to know the mechanism, it is 

necessary to understand the magnetic structure in the beam extraction region, response of 

charged particles to electrostatic field, diffusion type of electron and positive ions and 

movements of electrons, positive and negative ions.  The present work is an experimental 

study on the charged particle dynamics of the negative-ion-rich plasma in the extraction 

region, aiming at the understanding of the extraction process of H- ions.  Some 

suggestions to increase the efficiency of the negative ion source are expected from results 

of this work.  

 

1.5 Structure of thesis 

The present work is organized in the following way in this thesis as illustrated in 

Figure 1-19.  In chapter 2, NIFS-RNIS is introduced.  The structure of the magnetic field, 

which plays an important role in plasma profile and plasma flow, is demonstrated and 

discussed.  Diagnostic methods used for this work including Langmuir probe, 

photodetachment and cavity ring-down are briefly summarized.  A new method to 

calculate the local absolute H- ion density is introduced in detail.  In chapter 3, results 

obtained by the diagnostics introduced in chapter 2 are put forward.  The conversion of 

normal plasma to negative-ion-rich plasma, the effect of Cs, the effect of external 

parameters, plasma profile and effect of extraction field are discussed.  Basic 

characteristics of NIFS-RNIS are summarized.  In order to measure the charged particle 

flow, methods of a directional Langmuir probe (DLP) and DLP with photodetachment 

are applied to the experiments.  They are described in chapter 4.  In this chapter, the one-

dimensional charged particle flow is shown and discussed.  Ambipolar movement and 
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drift dominate the flow.  H- ion temperature obtained in the experiments can help the 

discussion for the production of H- ions.  In chapter 5, the two-dimensional flow patterns 

of charged particles are put forward.  The two-dimensional charged particle flows are 

used to understand the phenomena of plasma profile due to the extraction field.  Origin 

and termini of the charged particle are also discussed.  Some suggestions are proposed for 

the improvement of the present negative ion source. 

 

 

Figure 1-19. Structure of thesis. 
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2. Configuration of the negative ion source and 

diagnostics 

The plasma in positive ion source is generated in “field free” region surrounded with 

multi-cusp field near the chamber walls and the field strength is reduced at beam 

extraction region to obtain homogeneous beam distribution.  On the other hand, relatively 

strong magnetic field is necessary for negative ion source to reduce the energy of 

electrons diffused from the plasma-generation region to extraction region, the vicinity of 

plasma grid.  That is because H- ions are easily destructed via collision with the electrons 

with high energy.    Additional magnetic field is required to sweep co-extracted electrons 

and to absorb them onto extraction grid.  Linear combination of those magnetic fields 

forms complicated magnetic field in the extraction region.  The structure of the magnetic 

field changes in a small negative ion source and NIFS R&D negative ion source (NIFS-

RNIS), whose cross-sectional structure is the same on the short side of the source and the 

long side is a half height of the ion source for LHD NBI, is applied for the experiments.  

Most of the important events occur in the beam extraction region and measurements have 

been conducted for the plasma in the extraction region.  The configurations of the RNIS 

including the geometry and magnetic field are described in this chapter.  A Langmuir 

probe, photodetachment technique and cavity ring-down were used for the diagnostics of 

the plasma in the extraction region.  The methods are described as well as a new 

approach to determine the absolute H- ion density at a specific point. 

2.1 Introduction 

A high power ion source is required for producing dense plasma and high density H- 

ions.  LHD-NBI systems use filament-arc-driven ion sources to produce H- ion beam.  

The filament-arc-driven ion sources have advantages of simple structure, reliability , easy 

to control, robustness and low cost of power supply systems.  The experiments in this 
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thesis were carried out on the NIFS-RNIS which has a half size of the ion sources applied 

for LHD-NBI, and is installed on the test-stand [1].  As a fundamental diagnostic tool, a 

Langmuir probe was applied to measure basic plasma parameters including electron 

temperature (Te), electron density (ne) and plasma potential (Vs) etc.  However, it is 

difficult to measure the H- ion density by a Langmuir probe since electrons and H- ions 

have the same charge, and identifying H- ion component from the probe current is very 

sophisticated.  Therefore, cavity ring-down (CRD) method, which is a kind of laser 

absorption spectroscopy technique, was applied to measure the line-averaged H- ion 

density [2].  The regular CRD method is not enough to measure the H- ion density locally.  

Photodetachment technique with a DC biased Langmuir probe has been then utilized.  

Photodetachment current is proportional to the local H- ion density.  By combining the 

photodetachment technique and CRD method, a new approach to estimate the absolute 

local H- ion density was proposed. 

 

2.2 Configuration of the ion source 

In an N-NBI system, the H- ions are produced and extracted from source plasma.   An 

ion source to generate plasma is installed at the most upstream of the N-NBI.  Figure 2-1 

shows the schematic cross-sectional view of the NIFS-RNIS.  The ion source is a bucket 

ion source with a pair of filter magnet, which induces transversal magnetic field in the 

source.  The discharge chamber has dimensions of 350 mm in width (x direction), 226 

mm in depth (z direction) and 700 mm in length (y direction, not shown in Figure 2-1).  

Therefore, the ion source has the ability of producing large volume plasma. 

As discussed in Chapter 1, the ion source is divided into a “driver region” and an 

“extraction region” by a filter magnetic field.  High density plasma is produced in the 

driver region by filament-arc discharge.  Power supplies to heat the filaments and drive 

the arc discharge are applied to produce the plasma.  The electrical diagram connections 

for filament feeding, arc discharge and beam acceleration are schematically illustrated in 

Figure 2-2. 
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Figure 2-1. Corss-sectional view of the RNIS 

 

 

Figure 2-2. Electrical diagram of the ion source. Varc: arc voltage; Vfil: filament voltage; Vbias: 

bias voltage; Vext: extraction voltage; Vacc: acceleration voltage. 
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The RNIS is equipped with 12 filaments made of tungsten (W).  Technically, three 

types of filament can be used for an arc-driven ion source: spring type (helical), hair-pin 

type and U-shape type.  However, the discharge can be unstable in the cases of spring and 

U-shape filaments.  Therefore, the hair-pin type filaments are preferable due to its 

advantages of stability of discharge, high arc efficiency and high uniformity of plasma [3].  

The filaments are heated to about 3000 K by a filament power supply.  The typical 

current transmits through a filament is 110 - 120 A, and the current is adjusted to whether 

the Cs is seeded or non-seeded in the H2 plasma.  Electrons, named primary electrons, are 

emitted from the hot filaments through thermionic emission.   The primary electrons are 

accelerated by the arc voltage applied between the filaments and chamber wall and obtain 

energies.  Collisions occur between the accelerated electrons and neutral particles (H2 

molecules and H atoms).  Hydrogen plasma is produced through cascade collisions with  

electron-impact ionization processes.   

 

Figure 2-3. Extraction of a beam from the plasma boundary through an aperture of plasma 

grid. 

 

The plasma grid works as a physical boundary between the plasma and the beam 

region.  H- ions are extracted from the plasma boundary through the apertures of the 
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plasma grid as schematically illustrated in Figure 2-3.  On the RNIS, the plasma grid is 

electrically insulated from the arc chamber by a bias insulator.  A positive bias voltage is 

applied to the plasma grid with respect to the arc chamber.  This is an effective means to 

suppress the electrons in the extraction region to decrease the electron density and reduce 

the co-extracted electron current.  There are two possible mechanisms for the suppression 

of electrons by the bias voltage: (1), positive ions are reflected by the bias voltage and 

consequently the density of electrons is reduced and (2), electrons in the extraction region 

are absorbed by the positively biased plasma grid [4]. 

In order to reduce the loss of the plasma in the bucket ion source to the wall, 

multicusp magnetic field is applied.  On the RNIS, cusp magnets (permanent magnet bar, 

SmCo) are installed on the external surface of the plasma chamber as shown in Figure 

2-1.  The three-dimensional arrangement of the magnets is schematically illustrated in 

Figure 2-4. Multicusp magnetic field is generated inside the plasma chamber.  The 

filaments are located in the field-free region (B < 20 G) in which large volume plasma 

exists.  Surrounded by the multicusp magnetic field, the direct loss of the plasma to the 

chamber wall is suppressed and sustaining the high density plasma is possible.   In the 

field-free region of the ion source, the uniformity of the plasma is improved.  Figure 2-5 

shows the magnetic field lines of the cusp field together with the filter magnetic field 

lines. 

The filter magnetic field is also shown in Figure 2-5.  The main function of the filter 

field is to decrease the temperature of electrons.  The filter magnetic field with strength of 

around 60 G at the center suppresses the electrons diffusing from the driver region.  

Electrons have to travel across the filter field and are trapped into the filter field.  In this 

process, electrons have long residence time in the filter field and experience several 

collisions with neutral particles and charged particles, transfer their energy to the neutral 

particles [5].  Electron temperature is decreased significantly and reaches low 

temperature (Te < 1 eV) in the extraction region. This is essential for the negative ion 

source, since the rate coefficients of the DA processes are high with electron temperature 

~1 eV [6] and the losses of H- ions through electron detachment (ED) processes can be 

minimized if electron temperature is lower than 1 eV [7]. 
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Figure 2-4. Three-dimensional illustration of magnet arrangement. 

 

Figure 2-5. Multicusp field and filter lines in the RNIS. 
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Figure 2-6. Schematic drawing of extraction and acceleration grid system of RNIS. (a) cross 

sectional view in y-z plane perpendicular to the electron deflection magnet bars and (b) cross 

sectional view in x-z plane parallel to the electron deflection magnet (EDM) bars [8]. 

 

If an extraction field is applied between the extraction grid and plasma grid, the 

extracted particles are not only H- ions but also electrons since electrons have the same 

charge as H- ions.  The co-extracted electrons are useless for neutral beam and cause 

waste of power if they are accelerated.  It is required to remove the electrons from the 

extracted particles.  Because the electrons leaked into the acceleration gap can obtain 

more energies than that in the extraction gap, carry the heat load to the grounded grid and 

cause damages.  A series of electron deflection magnets (EDM), whose polarities are 

alternated row by row, are embedded in the extraction grid as shown in Figure 2-6.  The 

co-extracted electrons are deflected in the EDM field by Lorentz force.  Absorbed by the 

extraction grid, the co-extracted electrons deposit heat load to the extraction grid.  

Because the mass of an H- ion is 1836 times that of an electron, the deflection of H- ion 
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beam is much lower than that of the co-extracted electron beam.  H- ions can pass 

through the extraction apertures. 

 

 

Figure 2-7. EDM field near the plasma grid. 

The magnetic field generated by the EDM near the plasma grid is shown in Figure 

2-7.  The EDM field penetrates partially into the extraction region and forms loop-like 

region.  Therefore, the EDM field suppresses the electron flux flowing to the aperture and 

reduces the current of co-extracted electrons, consequently.  In addition, the profile of 

electron density is influenced by the EDM field due to the existence of cusp field near the 

plasma grid. 

 

2.3 Single Langmuir probe 

As a simplest means to probe the characteristics of plasma, the electrostatic 

measurement can be applied to obtain some basic plasma parameters, for example, 

electron density, electron temperature, plasma potential floating potential and so on.  In 

this method, a small refractory, conducting material is inserted into the plasma. Since 

plasma consists of charged particles, the conducting material can collect a current by 

applying a potential to it.  The measured current and potentials allow determining the 

properties of the plasma. 
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In 1920s Langmuir developed this electrostatic-probe method based on the small 

charge-collecting surface in the plasma.  Therefore, the electrostatic-probe method is 

named “Langmuir probe”.  A simplest single Langmuir probe consists of a wire enclosed 

into an insulator material such as a ceramic tube with a bared surface facing to the plasma.  

The part of the wire facing to the plasma also called “probe tip” suffers impact by the 

high speed particles in the plasma and can be heat up to high temperature.  In order to 

avoid melt or evaporation, the probe tip should be made of refractory material such as 

tungsten (W).  A schematic illustration of a single Langmuir probe is shown in Figure 2-8. 

 

Figure 2-8. Schematic illustration of a single Langmuir probe 

 

In the single Langmuir probe scheme shown in Figure 2-8, a variable power supply is 

applied to the probe.  If the plasma is sustained stably, an I-V curve can be obtained by 

changing the voltage output of power supply.  On the RNIS it is required to obtain the 

time evolution of the plasma parameters.  This demand is satisfied by applying a 

sweeping voltage to the probe.  The time evolutions of the probe current and voltage are 

recorded by an analog-to-digital converter (ADC) system and the data are stored in a 

computer.  Whole the system is lifted on a high voltage stage and is insulated with an 

optical fiber to the ground for the purpose to obtain the signal during applying high 

voltage to the ion source.  Figure 2-9 shows the typical single Langmuir probe scheme on 
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the RNIS.  The probe is installed into the extraction region through the bias insulator.  A 

20 Hz sawtooth signal is generated by a function generator and transmitted to an 

amplifier. The output sweeping voltage -40 V – +40 V from the amplifier is applied to 

the single Langmuir probe through a sampling resistor.  The voltage Vcurrent acquired from 

this resistor is used to determine the probe current by Ip = Vcurrent /R, where R is the 

resistance of the sampling resistor for probe current and equal to 50 Ω.  1% of the 

amplifier output voltage is acquired from another sampling resistor and recorded as Vp’.  

Note that Vp’ is not the real probe voltage.  The real voltage applied to the Langmuir 

probe Vp should be subtracted from the output of the amplifier and calculated by Vp = 100 

× Vp’ - Vcurrent.  The sweeping voltage applied to the single Langmuir probe and the 

corresponding probe current are shown in Figure 2-10. 

The fundamental properties of the plasma including plasma potential, electron 

temperature, electron density and floating potential can be determined by the I-V curve of 

the single Langmuir probe. 

 

 

Figure 2-9. Single Langmuir probe installation on RNIS 
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Figure 2-10. Time evolution of probe voltage and probe current.  Note that the time 0 

indicates the moment when the extraction voltage is applied. 

 

2.3.1 Electron and positive ion saturation currents 

 

Figure 2-11 shows a typical measured I-V curve obtained by the Langmuir probe on 

the RNIS in pure hydrogen plasma.  When the probe is biased more negatively than the 

plasma potential Vs, the probe repels all the electrons are surrounded by an ion sheath.  

The probe collects positive ion flux from the plasma and gives a positive ion saturation 

current Iis.  Ideally, Iis is independent of the probe voltage and a plateau can be found.  

Actually, the positive ion current increases slowly with decreasing probe voltage due to 

the expanding of the ion sheath, and the plateau is difficult to find.  Therefore, the y-

intercept of the linear fitting of the positive ion current is used to determine Iis.  In Figure 

2-11, Iis is estimated to be 1.7 mA. 

In order to obtain the electron current Ie, it is necessary to subtract the positive ion 

current Ii from the probe current Ip, since Ip = Ie + Ii.  Therefore, Ie = Ip – Ii. This can be 
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done by subtract the linear fitting function of positive ion current in Figure 2-11 from the 

probe current.  The electron saturation current Ies and plasma potential can be determined 

from the semi-logarithmic plot of Ie as shown in Figure 2-12.  The electron saturation 

current, Ies, is defined as the electron current at plasma potential Vs [9].  In order to find 

Vs, linear fittings are applied to the semi-logarithmic plot of Ie. The line A is the linear 

fitting of ln(Ie) at high probe voltages at which electron current saturates.  The line B is 

the linear fitting of ln(Ie) at low probe voltage at which the electron current experiences a 

transition process from non-saturation region to saturation region.  The probe voltage at 

the cross point of line A and line B is defined as Vs.  Therefore, the extrapolation of line 

A at this cross point is defined as the electron saturation current Ies [9].  In Figure 2-12, 

the estimated Ies and Vs are 24.5 mA and 3.3 V, respectively. 

 

 

Figure 2-11. A typical I-V curve of single Langmuir probe.  The positive ion saturation 

current Iis is defined by the y-intercept of the linear fitting of the positive ion current when the 

probe is negatively biased. 
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Figure 2-12. Semi-logarithmic plot of electron current Ie.  Plasma potential Vs and electron 

saturation current Ies are defined.  

2.3.2 Plasma potential 

The plasma potential is defined as the cross point of line A and line B in Figure 2-12 

described in Sec. 2.3.1. 

2.3.3 Floating potential 

One can image a floating object is located into the plasma.  At stable condition, the 

object is at a potential at which the flux of positive ions to the surface of this object is 

equal to the flux of electrons.  Therefore, the floating potential is defined as the zero-

cross point of the probe I-V curve.  At this point the electron current is equal to positive 

ion current and the probe current is 0.  In the I-V curve shown in Figure 2-11, the floating 

potential is estimated to be 0.7 V. 

2.3.4 Electron temperature 

The electron current of the probe Ie in the transition region from non-saturation phase 

to saturation phase can be expressed as: [9] 
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The electron temperature KTe is determined as the multiplicative inverse of the slope 

of line B in Figure 2-12.  The electron temperature determined by the curve in Figure 

2-12 is estimated to be 0.8 eV. 

2.3.5 Electron density 

  The electron saturation current can be expressed as: [9] 
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Where ne donates the electron density, Sp donates the surface area of the probe tip and 

is 3.33794×10-6 m2 for the example I-V curve shown in Figure 2-11, me is the mass of an 

electron.  Since Ies is 24.5 mA and electron temperature KTe is 0.8 eV, the electron 

density can be calculated to be 3.1 × 1017/m3. 

 

2.4 Cavity ring-down 

Cavity ring-down (CRD), also known as cavity ring-down laser absorption (CRLA), 

is an optical absorption technique which allows measuring the attenuation of light by 

absorption of samples and has been widely used to study the gaseous objects which 

absorb light at specific wavelengths.  The line-averaged density of an object can be 

determined by CRD. 
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Figure 2-13. Schematic illustration of CRD setup. 

 

 

Figure 2-14. Schematic illustration of CRD setup on the RNIS [10]. 

 

In a typical CRD setup for line-averaged density, which is the averaged density along 

the laser column, an optical cavity which consists of a pair of highly reflective mirror is 

utilized and the object to be measured is located in the cavity.  A laser beam with a short 
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duration is irradiated into the cavity and reflected back and forth thousands of times in 

the optical cavity.  The intensity of the laser beam leaking through the cavity mirror 

decreases exponentially.  The decay time is converted to the line-averaged density of the 

object in the optical cavity.  The schematic illustration of the concept of CRD is shown in 

Figure 2-13. 

By plotting the time evolution of the leaking laser intensity from the optical cavity, an 

exponentially decaying envelope curve can be obtained.  Fitting this envelope with an 

exponentially decaying function A = A0exp(-t/τ), where A is the intensity of the envelope, 

A0 is the maximum value of the envelope and t is time, the decay time also named ring-

down time τ is determined.  The line-averaged density can be estimated from the ring-

down times without and with the gaseous sample in the optical cavity. 

Figure 2-14 is the cross-sectional view of the ion source from the back plate side with 

the installation of a CRD system.  The highly reflective mirrors with reflectivity 0.99994 

are installed on the mirror mounts, which are installed on the bias insulator.  In the 

experiments, the length of the optical cavity is 1200 mm.  A laser pulse with wavelength 

of 1064 nm, time duration of 5 ns, repeat rate of 20 Hz and diameter of 7 mm, emitted 

from a Nd:YAG laser, is irradiated into the optical cavity.  The pulse energy is lower than 

50 mJ.  The leaking light transmits through a collimator lens and a fiber to a photosensor 

which converts the light signal to analog electrical signal.  The analog signal is then 

converted to digital signal by an A/D converter and acquired by a data acquisition system.  

Since the line-averaged density of the gaseous sample can be determined the ring-

down times of the leaking light without and with the sample, we can define the ring-down 

time without sample as τ0.  When H- ions exist, an H- ion in the laser column can be 

detached.  That is because the photon energy of the Nd:YAG laser is 1.17 eV and it is 

enough to detach the electron of H- ion in the affinity level of 0.754 eV below vacuum 

level.  This photo neutralization process is indicated with the equation below 

 H- + hν = H + e. (2-4) 

The laser intensity decreases in this process.  In other words, the laser is absorbed by 

H- ions.  One can expect the detected intensity of the leaking light decreases, so does the 
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ring-down time.  If the ring-down time with H- ions is determined as τ, the line-averaged 

density of H- ions is then calculated according to Ref. [10]: 
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where n(CRD) is the density of H- ions, c is the speed of light in vacuum, σ is the cross 

section for the reaction in Equation 2-4, L is the plasma length in the ion source and d is 

the length of the optical cavity.  For the detachment of H- ions by laser of 1064 nm 

wavelength, σ is 3.5×10-21 m2 [11]. On the RNIS, L is 0.18 m which is the full width at 

half maximum (FWHM) of the electron density profile measured by a single Langmuir 

probe.  d is 1.2 m as shown in Figure 2-14.  A typical ring-down signal is shown in 

Figure 2-15.  For τ0 = 114.81 µs and τ = 21.07 µs, the line-averaged H- ion density is 

calculated to be 2.46×1017 /m3. 

 

Figure 2-15. Ring-down signals with and without H- ions. τ0: decay time without H- ions and 

τ: decay time with H- ions [10]. 
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2.5 Laser photodetachment 

2.5.1 Configuration of laser photodetachment 

Although the line-averaged H- density can be obtained by the CRDS technique, the 

regular CRD method is not enough to obtain the H- density at a specific point.  It can be 

found that in Equation 2-4, an H- ion is detached and an H atom and an electron are 

produced immediately without increase in positive ion density, because the detached 

electron density is equal to the original H- ion density.  If a positively biased probe tip is 

located inside the laser column, detached electrons flow to the biased probe tip and 

introduce an instantaneous increase in the probe current.  This current increase (Ipd) is 

proportional to the density of the detached electrons, in other words, proportional to the 

original H- density, and is applied to determine the H- density at a specific point [11,12]. 

 

Figure 2-16. Configuration of laser photodetachment on the RNIS. 

 

Figure 2-16 shows the laser photodetachment setup on the RNIS.  A single Langmuir 

probe is installed into the extraction region through a port at the bias insulator.  A laser 

pulse is irradiated into the ion source co-axially with the probe tip through a quartz 
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window.  This probe tip with a length of 4 mm and diameter of 0.5 mm is bent to an L-

shape and whole the part except for the tip is covered with ceramic.  Therefore, the 

interaction of the laser beam and the probe stem can be avoided to reduce the influence of 

scattered laser light.  A DC voltage is applied to the single Langmuir probe and an 

electron current Ie is drained.  During the laser pulse, whose duration is 5 ns, H- ions in 

the laser column release electrons of their affinity level and electron density in the laser 

column increase immediately.  Consequently, the current transmitted though the probe 

has an instantaneous increase.  The current increase Ipd transmits through a capacitor and 

recorded by a storage oscilloscope or a high-speed ADC with sampling rate of 1 GS/s. 

A typical waveform of the photodetachment current is shown in Figure 2-17.  The 

first spike of the waveform is because the radius of the probe sheath is the same as that 

before photodetachment and the distribution function of the detached electrons is not 

changed during the spike [11,13].  After the spike, the radius of the probe sheath shrinks 

and becomes stable.  Then a plateau appears in the waveform.  The photodetachment 

current is defined as the plateau part of the waveform as indicated in Figure 2-17. 

 

Figure 2-17. Waveform of the photodetachment current. Note that time 0 indicates the 

moment when laser pulse is irradiated. 

 



57 

 

In order to evaluate the H- density from photodetachment current, it is necessary to 

detach all the H- ions in the laser column and drain all the detached electrons in the 

collection region of the probe.  These requirements represent the settings of laser 

wavelength, energy density, beam diameter and the probe voltage. 

2.5.2 Wavelength of the laser 

The energy of laser photons should be high enough to detach the H- ions, and should 

be low in order to avoid ionization of other particles ablation of adsorbed atoms on the 

probe tip.  An Nd:YAG laser is suitable for the detachment of H- ions since the photon 

energy 1.17 eV is enough to detach the H- ions with electron affinity of 0.754 eV, and too 

low to ionize other particles in the hydrogen plasma [11].  The cross section of 

photodetachment is 3.5×1021/m2.  The choice of laser wavelength is the same as the CRD 

technique. 

 

2.5.3 Energy density of the laser pulse 

The laser beam is required have enough photons to detach all of the H- ions in the 

laser column.  In other words, the laser beam should have sufficient energy.  The fraction 

of detached H- ions ΔnH-/nH- increases with respect to increasing energy density of the 

laser pulse and is expressed as [11,12]: 
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where σ is the cross section of photodetachment for H- ions, Elaser is the energy of the 

laser pulse and Slaser is the cross sectional area of the laser beam.  At high energy density 

of the laser pulse, the fraction of detached H- ions ΔnH-/nH- saturates. 

Figure 2-18 shows the measured fraction ΔnH-/nH- with increasing energy density of 

the laser pulse at hydrogen pressure of 0.3 Pa and 0.6 Pa.  The fraction of detached H- 

ions saturates when the power density of the laser pulse is higher than 40 mJ/cm2.  Then, 

at higher laser power density than ~90 mJ/cm2, the slope of the photodetachment current 

gradually starts to increase.  This is caused by the interaction of the laser pulse and the 
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probe tip.  The probe tip is heated up by laser irradiation with high energy density, which 

ablates the probe tip surface [14,15].  In the experiments, the power density of the laser 

pulse was set to 40 mJ/cm2 to avoid over-estimation of the H- density. 

 

Figure 2-18. Fraction of detached H- ions vs. energy density of laser pulse at hydrogen 

pressure of 0.3(black solid circle) and 0.6 Pa (red solid square). 

 

2.5.4 Voltage of the probe 

 

 

Figure 2-19.  Photodetachment current as a function of probe voltage with respect to the arc 

chamber. 
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The probe tip should be applied voltage high enough to drain all the detached 

electrons.  Figure 2-19 shows the dependence of phtodetachment current on the voltage 

of probe with respect to the arc chamber.  It can be found that the photodetachment 

current saturates when the probe voltage is higher than 40 V.  Therefore, in the 

experiments, the voltage applied to the probe for photodetachment was set to 40 V. 

 

2.5.5 Diameter of the laser beam 

In order to obtain the H- ion density at specific points, the radius of the laser beam 

should be larger than the collection distance of the probe.  The dependence of the 

photodetachment current on the diameter of the laser beam is shown in Figure 2-20.  The 

photodetachment current saturates at 2 mm of laser beam diameter.  This result is 

consistent with Bacal’s experiment [11].  Laser with 4 mm of beam diameter was chosen 

for the photodetachment experiments. 

 

 

Figure 2-20. Dependence of photodetachment on the diameter of laser beam. 
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2.5.6 H- density 

Traditionally, the H- density is calculated from the photodetachment current 

according to the probe current before laser irradiation Ie(DC) and electron density ne.  Ie(DC)  

is proportional to the background electron density ne.  The laser irradiation causes an 

instantaneous increase of electron density Δne and Δne = nH- is proportional to the 

photodetachment current.  If the energy density of the laser pulse is sufficient to detach 

all the H- ions in the laser column, the H- ion density can be calculated according to 

[11,12] 

 
e(DC)

pd

e

H

I

I

n

n
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, (2-6) 

where Ipd donates to the photodetachment current.  nH- is hence expressed as: 

 e

e(DC)

pd

H n
I

I
n  . (2-7) 

The electron density ne is determined by the single Langmuir probe working in 

sweeping voltage mode in advance. 

The method in Equation 2-7 is available for the plasma in which nH- is low since the 

probe current is contributed by electrons and the contribution of H- ions to the probe 

current can be ignored.  However, in a Cs-seeded ion source, nH- is high and negative-

ion-rich plasma of which ne is one order lower than nH- can be found in the extraction 

region.  The contribution of the H- ions to the probe current cannot be ignored.  The 

probe current is expressed as: 

  Heprobe III , (2-8) 

where Ie and IH- are the contribution of electrons and H- ions to the probe current, 

respectively.  During photodetachment process, Iprobe increases to 

 epdIII _e

'

probe  , (2-9) 

where Ipd_e is the component of the probe current caused by the detached electrons.  Then 

the photodetachment current is 
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  H_probe

'

probepd IIIII epd . (2-10) 

Since the probe current has a component caused by H- ions according to Equation 2-8, 

the method to calculate H- ion density by Equation 2-7 is not available.  Equation 2-10 

indicates that Ipd is still proportional to the H- ion density.  A method to determine the 

coefficient for the calculation of nH- from Ipd is required.  This coefficient has been 

obtained by calibrating the photodetachment current with line-averaged H- density by 

means of CRD method. 

The CRD mehtod allows the measurement of line-averaged H- ion density or line-

integrated H- ion density.  In photodetachment, a profile of photodetachment current is 

obtained by scanning the probe along the laser beam.  The comparison of the integral of 

this profile and the line-integrated H- ion density from the CRD gives the coefficient to 

evaluate the H- density at specific point from photodetachment current. 

Figure 2-21 shows the profile of photodetachment current in pure hydrogen plasma at 

1.2 Pa of hydrogen pressure, 5.7 V of bias voltage of the plasma grid and 50 ± 2.5 kW of 

input arc power.  The comparison of the integral of this profile and line-integrated H- 

density is 

   LndxIk    CRDHpdpd , (2-11) 

where nH-(CRD) is the line-averaged H- density from CRD and L = 0.18 m is the plasma 

length indicated in Section 2.4 and k is the required coefficient for the calculation of H- 

density.  nH-(CRD) is 1.16×1017/m3 with the ion source working parameters indicated in 

Figure 2-21.  kpd is then calculated to be 0.105×1017∙m-3 ∙mA-1.  Figure 2-22 shows the 

comparison of H- density by photodetachment and CRD.  It can be found that kpd is 

independent on the H- density and does not change even in the case of Cs-seeded plasma. 

The H- density is thus: 

 pdpdH Ikn  . (2-12) 
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Figure 2-21. Profile of phtotdetachment current in pure hydrogen plasma. 

 

 

Figure 2-22. Comparison of H- density by photodetachment and CRD. 
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2.6 Summary 

The RNIS is an arc-driven negative hydrogen ion source equipped with 12 hair-pin-

type filaments and the plasma is confined with multicusp magnetic field.  An external 

filter field is applied to separate the driver region and the extraction region. The electron 

temperature decreases in the diffusion process from the driver region to the extraction 

region.  A bias voltage is applied to the plasma grid to suppress near the plasma grid.  A 

magnetic field generated by electron deflection magnets, named EDM field is utilized to 

deflect the extracted electron beam.  Experiments using Langmuir probe, CRD and 

photodetachment were carried out on the RNIS for the diagnostics of the plasma in the 

extraction region.  Basic plasma parameters such as plasma potential, electron density 

and electron temperature has been obtained with Langmuir probe.  The CRD provided 

line-averaged H- density.  The photodetachment technique was adopted to measure the H- 

density at a specific point.  In the negative-ion-rich plasma, conventional method based 

on the probe current and electron density to evaluate H- density from the 

photodetachment current is not available.  Therefore, a new calibration method with use 

of CRD and the photodetachment technique has been developed.  As, a result, the 

coefficient kpd = 0.105×1017∙m-3 ∙mA-1 has been estimated by the comparison of line-

integrated H- density and the integral of the profile of the photodetachment current along 

the laser beam.  Using this new method, the H- density at a specific point can be 

determined not only in the plasma with low density H- ions but also in negative-ion-rich 

plasma, even in ion-ion plasma in which essentially no electrons exist.  For 

photodetachment of H- ions, laser pulse with wavelength of 1064 nm is applied.  In order 

to gather all the detached electrons to the probe tip, the DC voltage applied to the probe 

should be higher than 40 V.  The laser spot for photodetachment should have larger than 

2 mm of the diameter, which corresponds to the collection length of the probe tip.  The 

energy density of laser pulse should be 40 – 90 mJ/cm2 to detached all the H- ions in the 

laser column and avoid over-estimation of the H- density. 
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3. Characteristics of the plasma in the extraction 

region 

In the extraction region, the plasma consists of positive ions, electron, and H- ions 

additionally.  Properties of this plasma change with the ratio of H- ion density and 

electron density.  This ratio is dominated by the external conditions including Cs-seeding, 

bias voltage of the plasma grid and hydrogen pressure.  In addition, the complicated 

magnetic field such as electron deflection magnetic field, filter field can affect the profile 

of the plasma.  Basic characteristics of the plasma in the extraction region are shown in 

this chapter. 

3.1 Normal and negative-ion-rich plasma 

Conventionally, plasma refers to a gas which consists of neutral particles, electrons, 

and positive ions.  In the extraction region of a negative hydrogen ion source, plasma is 

different from the normal plasma due to the existence of H- ions.  The normal plasma is 

changed to negative-ion-rich plasma as the H- ion density increases.  A simple approach 

to identify the normal and negative-ion-rich plasma is the I-V curve of a single Langmuir 

probe. 

In normal hydrogen plasma, the electron saturation current of a single Langmuir 

probe is more than 20 times higher than the positive ion saturation current.  This is 

caused by the huge mass difference between electron and positive hydrogen ion.  If H- 

ions exist in the plasma, electron density decrease since n+ = ne + nH-, where n+ is the 

density of positive ions. Consequently, electron saturation current of probe decreases.  In 

extreme case, if nH- increases to almost equal to positive ion density, nH- ≈ n+, and the 

temperatures of H- and positive ions are in the same order, probe negative saturation 

current is almost equal to the positive ion saturation current [1].  The term “negative 
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saturation current” refers to the probe current carried by negatively charged particles.  

The I-V curve becomes quasi symmetric [1,2].  The plasma contains positive and 

negative ions, essentially no electrons, is named “ion-ion plasma”.  Figure 3-1 shows the 

comparison of I-V curves of normal and ion-ion plasmas. 

 

Figure 3-1. I-V curves of normal and ion-ion plasmas. 

In practical operation of the RNIS, some electrons exist in the extraction region.  

Typically, the density of electrons ne is one order lower than nH-.  This plasma is named 

“negative-ion-rich plasma”.  This plasma is produced when Cs is seeded into the negative 

ion source and long time conditioning process is required in order to obtain well Cs-

coated plasma grid surface. 

 

3.2 Cs effect 

The Cs line, whose tip is covered with a diffuser nozzle, is installed on the back plate 

of the negative ion source as illustrated in Figure 2-1.  A complicated Cs transport 

process occurs after starting to seed Cs into the ion source.  During experiments, the 

valve of Cs line is kept on, and Cs vapor flows to the ion source continuously.  Research 

about Cs transport by Yoshida et al. [3] indicated that in the beginning phase of the Cs 
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injection, thick Cs layer are mainly covered on the wall of the plasma chamber closed to 

the Cs nozzle.  After the covered Cs is saturated near the nozzle, the Cs layer starts to 

evaporate and expand to the area far from the back plate due to heating by incident 

particle and filament and/or plasma radiation.  Evaporated Cs atoms ionize in the arc 

plasma and evaporation continues for a while after arc discharge due to remaining heat of 

the inner wall of the chamber.  The Cs covered on the plasma grid surface mainly comes 

from the evaporated Cs atoms from the wall of the plasma chamber.  In order to obtain 

appropriate Cs coating on the plasma grid, long time conditioning is necessary in the case 

of the RNIS. 

 

Figure 3-2. Time evolution of plasma parameters during Cs conditioning. (a) H- density 

measured by CRD and (b) negative saturation current of Langmuir probe.  Note that time 0 

indicates the moment when Cs injection starts. 
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Figure 3-2 shows the time evolution of plasma in the extraction region during Cs-

conditioning on the RNIS.  The conditioning process is divided into three phases: phase 1 

(time < ~30 min), phase 2 (~30 min < time < ~120 min) and phase 3 (time > 120 min).  

In phase 1, the H- ion density keeps stable as shown in Figure 3-2 (a).  It suggests that the 

Cs coverage on the plasma-grid surface is insufficient to enhance the production of H- 

ions. Correspondingly, the probe negative saturation current shown in Figure 3-2 (b) 

keeps stable too in phase 1. 

In phase 2, H- ion density starts to increase.  It indicates that the Cs coverage on the 

plasma-grid surface is sufficient to decrease the work function of the plasma-grid surface 

and H- ion production is enhanced.  Meanwhile, the Langmuir probe measurement shows 

that probe negative saturation current decreases.  In the extraction region of the negative 

ion source, the charge neutrality is conserved by positive ions, electrons and negative 

ions.  During phase 2, more and more electrons are replaced by H- ions.  Therefore, the 

increment in H- ion density causes decrease in electron density and probe negative 

saturation current.  The decrement in probe negative saturation current corresponds to the 

difference of extraction current and acceleration current Iext - Iacc, which is roughly 

extracted electron current. 

In phase 3, the H- ion density and probe negative saturation current become flat.  

During Cs-conditioning the time evolution of plasma potential is shown in Figure 3-3.  

The tendency of plasma potential during Cs-conditioning corresponds to those of H- ion 

density and probe negative saturation current.  It is shown that the plasma potential 

decreases as increasing H- ion density.  One of the possibilities is the emission of the H- 

ions from the surface of the plasma grid can modify the flux of the positive ions to the 

plasma grid [4].  The sheath potential is determined by the flux of negatively and 

positively charged particles to the plasma grid.  Emission of H- ions from the plasma grid 

to the plasma causes a decrease in the net flux of negatively charged particles towards to 

the plasma grid.  Consequently, flux of positive ions decreases too and causes a reduction 

of charge density in the sheath.  Then the electric field in the sheath decreases following 

the reduction of the charge density and bring a decrement of the sheath potential.    
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Because the plasma grid is biased at a fixed potential, the plasma potential decrease as the 

decrease of the sheath potential. 

 

Figure 3-3. Time evolution of plasma potential during Cs-conditioning. 

 

 

Figure 3-4. Variation of probe I-V curve during Cs-conditioning. These two curves are at the 

beginning and end of Cs-conditioning. 

Beginning of Cs-conditioning 

End of Cs-conditioning 
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Figure 3-4 shows the variation of the probe I-V curve during Cs-conditioning.  The 

two curves are at the beginning and end of the Cs-conditioning process.  The negative 

saturation current decreases with the conditioning time.  In this process the positive 

saturation current carried by positive ions keeps stable.  Decrement of the negative 

saturation current is caused by the reduction of electron density.  At the end phase of the 

Cs-conditioning, negative-ion-rich plasma is obtained in the extraction region. 

3.3 Effect of controlling parameters 

The performance of the N-NBI system is determined by the negative ion source.  The 

fundamental requirements for the negative ion source are effective H- ion extraction for 

high H- ion beam current and suppression of the co-extracted electrons.  It is required to 

understand the basic dependence of the plasma in the extraction region on the external 

controlling parameters including bias voltage of the plasma grid and gas pressure of 

hydrogen.  Furthermore, the optimized working condition can be found. 

3.3.1 Dependence on bias voltage of the plasma grid 

The plasma grid is biased by a DC voltage with respect to the plasma chamber to 

suppress the electrons in the extraction region by absorbing the electrons or repelling the 

positive ions.  Therefore, the bias voltage of the plasma grid Vbias plays an important role 

on the charged particle flux of the plasma in the extraction region [5]. 

Figure 3-5 shows the dependence of H- ion density nH- measured by photodetachment, 

on the bias voltage of the plasma grid Vbias before and during beam extraction.  It can be 

found that if Vbias is negative, nH- keeps stable before and during beam extraction.  At 

positive Vbias, nH- decreases with increasing Vbias.  The reduction of nH- deceases at 

positive Vbias.  When Vbias is higher than 4 V, nH- during beam extraction is equal to that 

of before beam extraction.   
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Figure 3-5. Dependence of H- density on the bias voltage of plasma grid. 

 

Figure 3-6. Probe saturation current changes with the bias voltage of plasma grid. 

The measurement of a single Langmuir probe shows in Figure 3-6 indicate the 

behavior of negative and positive saturation currents when Vbias is changing.  The 

decreasing negative saturation current reveals the depletion of electrons by the plasma 

P(H2): 0.3 Pa 

Arc power: 50±2.5 kW 

With Cs 

P(H2): 0.3 Pa 

Arc power: 50±2.5 kW 

With Cs 
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grid.  On the other hand, positive ions are repelled by the plasma grid when the bias 

voltage is increasing. 

Variation of the plasma including electrons, H- ions and positive ions causes the 

changes of extracted and accelerated currents.  Figure 3-7 is the dependence of extraction 

and acceleration current on the bias voltage of plasma grid.  The extraction and 

acceleration current is measured as the drain current of the power suppiesy of the 

accelerator grid system (see Figure 2-2).  The extraction current contains both electron 

and H- ion components.  Electrons in the extracted beam are deflected and absorbed by 

the extraction grid.  Therefore, the acceleration current can represent the H- current.  The 

extraction current decreases with increasing Vbias.  This phenomenon is consistent with 

the dependence of probe negative saturation current on the bias voltage of the plasma grid.  

Similar as the behavior of the H- density during beam extraction, the acceleration current 

keeps almost stable at the bias voltage of lower than 4 V and decreases with higher Vbias. 

 

Figure 3-7. Dependence of extraction and acceleration current on the bias voltage of plasma 

grid. 

Applying bias voltage to the plasma grid with respect to the plasma chamber is an 

effective method to decrease the electron density in the extraction region and to decrease 

P(H2): 0.3 Pa 

Arc power: 50±2.5 kW 

With Cs 
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the electron component in the extracted beam.  The extraction grid can be protected from 

the heat load and the damage can be avoided by increasing Vbias.  However, H- density in 

extraction region is also affected by Vbias.  In order to obtain H- beam current as high as 

possible and electron beam current as low as possible, it is better to apply a positive bias 

voltage lower than 4 V to the plasma grid. 

3.3.2 Dependence on hydrogen pressure 

For the negative hydrogen ion source applied for an NBI system, low operational 

hydrogen pressure is essential to reduce the stripping loss of H- ions due to collisions 

with neutral molecules and atoms during the acceleration of H- ions [6].  Figure 3-8 

shows the dependence of nH- on the hydrogen pressure.  At the pressure of 0.3 Pa nH- 

reaches maximum and then decreases with increasing pressure before beam extraction.  

At the lower pressure, nH- decreases due to the beam extraction.  At the higher pressure, 

the beam extraction cannot lead to reduction of nH-.   

 

Figure 3-8. H- density versus hydrogen pressure in Cs-seeded plasma. 

By increasing the hydrogen pressure, positive ion temperature decreases because of 

their collision with neutral particles.  Since the cross section for mutual neutralization 

process of H- ions is higher at low energy of positive ions [7].  Reduction of positive ion 



74 

 

temperature causes enhancement of mutual neutralization [8,9].  As a consequence, nH- 

decreases at higher pressure.   

 

Figure 3-9. Negative (a) and positive (b) saturation currents of Langmuir probe versus 

hydrogen pressure in Cs-seeded plasma. 

Figure 3-9 shows the variation of negative saturation current of Langmuir probe with 

hydrogen pressure.   It can be found that the negative and positive saturation currents 

show the similar trend as nH-.  One of the possibilities is that the mutual neutralization 

depletes not only H- ions but also positive ions.   

Figure 3-10 shows the dependence of extraction and acceleration currents on the 

hydrogen pressure.  Note that at pressure higher than 0.8 Pa, the acceleration voltage was 

turned off due to breakdown at acceleration gap.  The extraction and acceleration currents 

follow the behaviors of negative saturation current of the Langmuir probe and nH-.  It 

indicates that the extraction and acceleration currents are determined by the density of 

negatively charged particle and H- ions, respectively. 

It is better to keep the operational pressure as low as possible to reduce the stripping 

loss of H- ions.  The plasma of the ion source is sustained by the electron-impact 

ionization, and the discharge at extremely low pressure is unstable, because the mean free 

paths of electrons become larger at lower pressure. Consequently, 0.2 to 0.4 Pa of 

hydrogen pressure is a proper choice for the operation of the negative ion source. 
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Figure 3-10. Extraction and acceleration currents versus hydrogen pressure. 

 

3.4 Spatial profile 

In the extraction region of the negative ion source, both of the filter field and electron 

deflection magnetic field (EDM field) exist.  The magnetic field near plasma grid is 

complicated due to the linkage of these magnetic fields.  The distribution of charged 

particles in the magnetic field is influenced by the field.  Experiments using Langmuir 

and photodetachment probes have been conducted to investigate the spatial profile of the 

charged particles in the extraction region. 

 

3.4.1 Profile along the filter field in extraction region 

 

As mentioned in Chapter 2, the width of the ion source is 350 mm.  The origin of x-

axis is defined as the center of the ion source.  The Langmuir probe scanned its 

measurement position from -175 mm to 175 mm.  The scanning direction is also 
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indicated in Figure 3-11.  As shown in Figure 3-12, the plasma is not uniform in x-

direction.  Both profiles of the negative and positive saturation currents indicate the bell 

type distribution of the plasma.  The full width at half maximum (FWHM) of the profiles 

is ~180 mm, and the peak positions are near the center of the ion source.  Density of 

charged particles decreases at the edge of the ion source.  The plasma potential shows a 

flat profile at the central region and decreases at the edge of the ion source.  In the central 

part of the extraction region, the electric field in x-direction can be ignored. 

 

 

Figure 3-11. Scanning direction of Langmuir probe for the profile measurement in x direction. 

 

The profile of nH- measured by photodetachment in x-direction is shown in Figure 

3-13.  The distribution of nH- is similar as that of negative and positive saturation currents 

measured using a Langmuir probe.  By comparing Figure 3-12 with Figure 3-13, it can be 

found that H- ions concentrate into the high plasma potential region in which electrons 

and positive ions also concentrate.  The measured profiles are possible to relate to the 

distribution of filter magnetic field. 
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Figure 3-12. Spatial profile of charged particles and plasma potential in x direction measured 

by a Langmuir probe. 

 

Figure 3-13. Profile of H- density in x-direction measured by photodetachment. 
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The filter field is generated by a pair of permanent-magnet brocks installed on the 

plasma chamber.  Close to the edge of the ion source, the strength of the filter field is 

high and in the central part of the beam extraction region, the strength of the filter field is 

low.  It indicates that the filter field has a magnetic mirror structure as illustrated in 

Figure 2-5.  The profile of the filter field in x direction is shown in Figure 3-14.  

Normalized profiles of plasma potential Vs, negative saturation current of Langmuir 

probe Ineg, and H- density nH- are also plotted in Figure 3-14.  It can be found that the 

profile of the filter field has a plateau in the central part of the extraction region and 

increases steeply near the both sides of the chamber wall.  The region of the plateau 

corresponds to the flat part of the plasma potential profile.  In addition, plasma density is 

high in the plateau region of the filter field profile.  This phenomenon indicates that the 

plasma profile is governed by the profile of the filter field. 

 

 

Figure 3-14. Profile of filter field in x direction.  Normalized profiles of plasma potential Vs, 

negative saturation current of probe Ineg, and H- density nH- are also plotted. 
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The direction of the filter field is perpendicular to the diffusion direction of electrons 

and positive ions.  The plasma generated in driver region diffuses across the filter field to 

the extraction region.  The diffusion process is strongly affected by the strength of the 

filter field, and the mobility of plasma diffusing across the filter field is proportional to 

1/B2 for simple case [10], where B is the strength of the filer field.  At the edge of the ion 

source, the filter field is high and prevents the diffusion of the plasma from the driver 

region to the extraction region.  Consequently, the plasma profile in the extraction region 

is dominated by the distribution of filter field. 

The distance between filter field and plasma grid affects to the plasma profile.  When 

the distance is wider, profile becomes narrower because of the larger magnetic thickness 

of filter field.  Compared with the negative ion source for LHD-NBI, the thickness of the 

bias insulator is 19 mm thicker in the case of NIFS-RNIS for the purpose to install the 

diagnostic on the insulator, and the plasma profile is expected much wider in the case of 

LHD ion source.  Actually, five beamlet intensities are flat in the direction along the filter 

field of LHD source [11]. 

 

3.4.2 Profile near an extraction aperture 

 

In Chapter 2, the electron deflection magnetic field (EDM field) has been introduced.  

The EDM field is generated by the permanent-magnet bars embedded into the extraction 

grid and to filter the electron component from the extracted beam.  The polarities of the 

magnets are flipped alternatively row by row, and the magnets form a multiple loop fields 

on the both sides of the extraction grid.  The loop field on the plasma grid penetrates into 

the extraction region across the plasma grid shown in Figure 2-7, which indicates a cross-

sectional view of plasma and extraction grids with EDM loops in the y-z plane.    The 

EDM field was considered to affect the plasma parameters near the plasma grid.  Plasma 

profile near an extraction aperture has been investigated.  Plasma near the plasma grid 

can be influenced by the EDM field.  Plasma profile near an extraction aperture has been 

investigated. 



80 

 

 

Figure 3-15. Profile of negative saturation current in y direction together with cross sectional 

view of plasma grid at z = 4 mm.  Note that the horizontal axis indicates y position. 

 

Figure 3-15 shows the profile of negative saturation current Ineg by scanning the 

probe-tip position in y direction near the plasma grid.  The horizontal axis of Figure 3-15 

indicates the y position and 0 means the central line of the extraction aperture.  The probe 

tip was scanned parallel to the surface of the plasma grid by fixing the z distance at 4 mm 

apart from the grid.  Negative saturation current Ineg is higher above the metal part of the 

plasma grid than that above the aperture.  Since magnetic cusps exist on the grid metal 

parts as shown in Figure 2-7, higher Ineg suggests that electrons are trapped into the cusp 

field.  During beam extraction, whole the profile of Ineg increases and it suggests more 

electrons flow from driver region to the extraction region.  The increment of Ineg is 

obviously higher above the grid metal than that above the extraction aperture due to the 

magnetic cusp line, which is almost normal to the surface of plasma grid at the location 

and electrons comes along the field line.  The profiles of Ineg before and during beam 
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extraction are not symmetric around y = 0.  It indicates a possible plasma flow exists in y 

direction. 

 

 

Figure 3-16. Two-dimensional profile of negative saturation current of a Langmuir probe.  

The EDM field is also shown.  The measurement region is indicated by the square frame near the 

plasma grid. 

 

Two-dimensional profile of the negative saturation current of a Langmuir probe has 

been obtained by scanning the probe tip near the plasma grid.  The result is shown in 

Figure 3-16.  In this figure, the EDM field is also plotted to illustrate the magnetic field in 

the measured region.  Note that the horizontal axis is z position and the vertical axis is y 

position.  z =0 and y = 0 indicate the surface of the plasma grid and the center of the 

extraction aperture, respectively.  The result shows that the negative saturation current is 

higher above the grid metal than that above the extraction aperture.  It is consistent with 

the result shown in Figure 3-15.  The result shown in Figure 3-16 suggests electrons are 

trapped into the magnetic cusp of the EDM field since electrons are magnetized (the 
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Larmor radius of electron at z = 0 is ~0.2 mm), and electrons flow the plasma grid.  Far 

away from the plasma, the profile of the negative saturation current becomes flat.  This 

flat distribution indicates the boundary of the EDM loop.  This boundary is estimated to 

be ~ 10 mm apart from the plasma grid according Figure 3-16.  In z direction, electron 

density increases with the increasing distanced apart from the plasma grid, because the 

region far from the plasma grid is close to the drive region. 

 

3.5 Plasma profile perpendicular to plasma grid and 

response to extraction field 

The plasma in the extraction region of the negative ion source is affected by the 

applied extraction electric field.  The results above in this chapter have revealed the 

increment of electron density and decrement of H- density during beam extraction.  The 

details of this process are illustrated in the time evolution of probe negative saturation 

current Ineg and H- density as shown in Figure 3-17.  The H- density was measured by 

means of photodetachment technique.  Before beam extraction, the H- density and probe 

negative saturation current Ineg are stable.  After the extraction voltage is applied, H- 

density decreases immediately, and meanwhile, Ineg increases.  This indicates that the 

plasma in the extraction region is influenced by the extraction electric field. 

Investigation about the response of the plasma to the extraction electric field is 

necessary to understand the extraction process.  For this purpose, a Langmuir probe with 

four tips was utilized to the experiment as shown in Figure 3-18.  In the experiment, the 

probe was rotated by 30o, so that each probe tip had different positions in y direction.  

Four profiles are possible to obtain at the same time by a single scan.  The four probe tips 

are here marked as A, B, C, and D, respectively. 
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Figure 3-17. Time evolution of negative saturation current of a Langmuir probe and H- 

density.  Time 0 indicates the moment when the extraction voltage is applied. 

 

Figure 3-18. Location and scanning direction of each probe tip. The probe is rotated by 30o. 
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Figure 3-19. Profile of negative saturation current Ineg of each probe tip in z direction before 

beam extraction.  The position z = 0 indicates the surface of the plasma grid. 

 

Figure 3-20. Profile of H- density in z direction before beam extraction.  The position z = 0 

indicates the surface of the plasma grid. 
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The profiles of negative saturation current Ineg measured by each probe tip in z 

direction are shown in Figure 3-19.  It is shown that Ineg increases almost linearly by 

separating from the plasma grid.  This phenomenon is consistent with the result indicates 

in the two-dimensional distribution of Ineg shown in Figure 3-16.  On the other hand, H- 

density nH- indicated in Figure 3-20 shows a slight increase as the position moves from z 

= 0 mm to z = ~20 mm, and decreases when z > ~20 mm.  According to the results, the 

extraction region is possible to be divided into three regions schematically shown in 

Figure 3-21.  Close to the plasma, negative-ion-rich plasma is generated, because H- ions 

are mainly produced on the surface of the plasma grid.  Far from the plasma grid, the 

plasma is electron-rich plasma since this region is close to the driver region.  Between the 

negative-ion-rich and electron-rich regions, a transition region exists. 

 

Figure 3-21. Physical picture for plasma in the extraction region. 

The increment of the probe negative saturation current ΔIneg cause by beam extraction 

is shown in Figure 3-22.  Because H- density nH- decreases during beam extraction, ΔIneg 

represents the response of electrons to the extraction electric field.  The origin of the 

horizontal axis z = 0 mm indicates the surface of the plasma grid.  Near the plasma grid, 

ΔIneg is lower and has a peak as the increasing distance from the plasma grid. The peak 

ΔIneg appears at ~20 mm apart from the plasma grid.  Far away from the plasma grid, 
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ΔIneg decreases with increasing distance from the plasma grid.  The linear extrapolations 

of the profiles diminish to 0 at z ≈40 mm. 

 

Figure 3-22. Profile of probe negative saturation current increase ΔIneg due to beam extraction 

in z direction. 

 

Figure 3-23 shows the profile of decrement of H- density ΔnH- caused by beam 

extraction in z direction.  Change of H- ion density ΔnH- is low close to the plasma grid, 

has a peak at z ≈ 20 mm, and decreases far from the plasma grid.  This characteristic is 

consistent with the behavior of ΔIneg.  The linear extrapolation of the profile decreases to 

0 at z ≈ 40 mm, same as the position where ΔIneg diminishes to 0.  The results indicate the 

depth of the influence of the extraction electric field on the plasma reaches ~40 mm apart 

from the plasma grid.  In addition, the maximum plasma response to the extraction 

electric field is at z ≈ 20 mm 

In the negative hydrogen ion source, plasma is produced in the driver region and 

diffuses to the extraction region across the filter field. Therefore, the plasma has low 

density and low temperature in the extraction region. During beam extraction the plasma 
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in the extraction region is indirectly influenced by the extraction electric field. On the 

other hand, the plasma in the driver region has high density and high temperature. This 

plasma is not influenced by the beam extraction electric field.  Therefore, the position z ≈ 

40 mm can be regarded as the boundary of extraction and driver regions in the RNIS. 

 

Figure 3-23.  Profile of decrement of H- density ΔnH- due to beam extraction in z direction. 

In the Cs-seeded negative ion source, H- ions are mainly produced on the surface of 

the plasma grid.  Negatively charged particles are extracted from the apertures.  It is 

expected that the maximum response of the plasma to the extraction electric field is close 

to the aperture.  However, the experimental results show that, far away from the plasma 

grid, the plasma has the maximum response to the extraction electric field.  In order to 

understand this anomalous phenomenon, investigations on charged particle flows are 

required. 

3.6 Summary 

The characteristics of the plasma in the extraction region of the RNIS have been 

investigated using a Langmuir probe and photodetachment.  By seeding Cs into the ion 

source, the H- density nH- shows significant increase.  Long Cs-conditioning time is 
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required for the ion source because of the complicated and slow Cs expansion.  During 

Cs-conditioning, the plasma potential Vs decreases due to the emission of H- ions from 

the plasma-grid surface.  It was observed that surface-produced H- ion density increases 

comparable to electron density and electron density ne decreases as increasing H- ion 

density nH- during Cs-seeding. 

The plasma grid is electrically biased with respect to the plasma chamber.  This bias 

voltage plays an important role on the plasma in the extraction region and the extraction 

and acceleration currents.  The negative saturation current of probe Ineg decreases 

monotonically with the increasing bias voltage of the plasma grid Vbias.  Correspondingly, 

the extraction current shows the same characteristic as Ineg.  H- ion density nH- keeps 

stable at negative Vbias and decreases slowly when Vbias is positive.  The acceleration 

current shows the same behavior as that of nH-.  The main function of the bias voltage 

applied to the plasma grid is to deplete the electrons near the plasma grid and to optimize 

the extraction current.  Since nH- is lower at higher Vbias, it is necessary to apply low bias 

voltage to the plasma grid in order to obtain high H- beam current with the premise of 

avoiding damage on the extraction grid. 

Low operational gas pressure is essential for a negative ion source applied to a NBI 

system to reduce the stripping loss of H- ions due to collisions with molecules and atoms.  

In the extraction region, nH- decreases at high pressure due to the mutual neutralization 

with positive ions.  Decrement of temperature of positive ions due to increasing gas 

pressure enhances the mutual neutralization.  In this process, positive ions are also 

depleted.  Negative and positive saturation currents of the probe then shows similar 

tendency as nH-.  As a consequence, extraction and acceleration currents are lower at 

higher pressure.  Low operational gas pressure is beneficial to the RNIS.  However, the 

discharge is unstable in extremely low gas pressure, because the plasma of the RNIS is 

sustained by electrons impact ionization and the mean free paths of the electrons become 

larger at lower pressure.  Consequently, 0.2 to 0.4 Pa of hydrogen pressure is a proper 

choice for the operation of the negative ion source. 

The filter field of the RNIS is a transverse magnetic field.  Plasma produced in the 

driver region diffuses across the filter field to reach the extraction region.  Therefore, the 
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profile of the filter field affects the distribution of the plasma in the extraction region.  In 

the central part of the extraction region, the strength of filter field is low.  Plasma easily 

diffuses to the extraction region.  On the other hand, near the both sides of the chamber 

wall, the strength of the filter field is high, and the diffusion of the plasma to the 

extraction region is suppressed.  Plasma in the extraction region concentrates in the 

central part of the extraction region. 

Near the plasma grid, EDM filed exists.  Electrons are trapped into the magnetic field 

on the grid metal and absorbed by the metal part of the plasma grid.  The boundary of the 

EDM field is estimated to be ~10 mm apart from the plasma grid. 

In z direction perpendicular to the plasma grid, the experimental results show the 

maximum plasma response to the extraction electric field is at ~20 mm apart from the 

plasma grid.  The boundary of extraction region and driver region is estimated to be at 

~40 mm apart from the plasma grid.  During beam extraction, one can expect the 

maximum plasma response is close to the plasma grid.  However, the results indicate that 

the plasma far away from the plasma has the maximum response.  The understanding of 

this unexpected phenomenon requires the information of charged particle flows in the 

extraction region. 
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4. Electron and positive ion flows 

During beam extraction, it is expected that the maximum plasma response is close to 

the plasma grid.  However, the experimental results show the influence of the extraction 

electric field on the plasma reaches maximum far from the plasma grid.  In order to 

understand this anomalous phenomenon, measurements of charged particle flow are 

necessary. 

 

4.1 Directional Langmuir probe 

A Langmuir probe is a powerful tool for the diagnostics in low temperature plasmas.  

However, any general single Langmuir probes cannot give the information about plasma 

flow.  If the tip of the Langmuir probe is partially shielded, the collection area of the 

probe tip is nonsymmetrical.  In plasma flow, the probe saturation current is higher when 

the collecting surface directs to the incoming plasma flow (upstream position) and is 

lower when the collection surface directs to the flow direction (downstream position).  

The flow amplitude is then obtained from the difference of the probe saturation current at 

upstream and downstream positions.  This special probe is named “Directional Langmuir 

probe” [1].  The Langmuir probes based on this concept are also called “split Langmuir 

probe” or “Mach probe” [2].  The directional Langmuir probe has been utilized for the 

measurement of plasma flow in a fusion device [2-4], ion sources [5], and other plasma 

devices [6].  Both of diffusion and drift caused plasma flows can be measured by the 

directional Langmuir probe [7].  By this tool, complicated flow structures, for example, 

plasma halo and plasma vortex, have also been observed [8,9]. 
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Figure 4-1. (a) Schematic illustration and (b) photograph of the four-pin directional Langmuir 

probe. 

 

 

Figure 4-2. Photograph of the four-pin directional Langmuir probe in the extraction region of 

the RNIS. 

 

The directional Langmuir probe applied for the measurements of charged particle 

flows in the extraction region of RNIS is shown in Figure 4-1.  This probe has four probe 
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tips made of tungsten wires, whose tips are 0.5 mm in diameter and 2 mm in length and 

their arms are covered by ceramic.  The distance between two opposite tips is 10 mm and 

the four tips are arranged at rectangle positions with the same distances of 5 mm from the 

center ceramic stem.  The purpose of this distance is to leave a space for the laser beam, 

because photodetachment technique is also applied to this four-pin directional Langmuir 

probe for the measurement of H- ion flow.  Interaction of the laser beam and the probe 

stem can be avoided to reduce the influence of the scattered laser to the experiment by the 

L-shaped probe tips.  Figure 4-2 shows the four-pin directional Langmuir probe installed 

in the extraction region of the RNIS through the bias insulator.  On the left side of this 

photograph, the plasma grid is shown.  On the plasma grid, extraction aperture series can 

also be observed.  A cupper-colored vertical band on the right side in this photograph is 

the protector for the filter magnet, and driver region is located at further right of the 

protector.  The plasma grid is shown on the left side, and the arrays of extraction 

apertures are seen on the plasma grid. 

 

4.2 Identification of electron and positive ion flows 

4.2.1 Flow direction 

If the plasma is not flowing, a directional Langmuir probe should collect the same 

saturation currenst Isat to all the tips by turning the probe facing to any direction.  In a 

plasma flow with the existence of a magnetic field as illustrated in Figure 4-3, Isat 

measured by a directional Langmuir probe is not isotropic in any direction, and is 

corrected to be [6,10] 

 )),(1()),(1()( satsat nBFnvFInI Bv  , (4-1) 

where n is a unit vector indicating the normal direction of the directional Langmuir probe, 

Fv is a correction coefficient for the effect of plasma flow, v is the flow velocity, FB is a 

coefficient for the effect of magnetic field, and B is the magnetic field.  The directional 

Langmuir probe can collect the maximum current if it is facing to the incoming direction 

of the flow (n ‖ -v) and the minimum current if it is facing to the downstream direction of 
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the flow (n ‖ v).  With the assumption of constant flow in the probe position, Fv is 

expressed as [6,10]: 

 )( nvFv   , (4-2) 

where α is a positive coefficient. 

 

Figure 4-3. A directional Langmuir probe in a plasma flow. 

Considering the effect of the magnetic field, the probe can collect maximum current if 

its normal vector is parallel to the magnetic field (n ‖ B or n ‖ -B), and minimum current if 

the normal direction of the directional Langmuir probe is perpendicular to the magnetic 

field (n ⊥ B).  With the assumption of constant magnetic field, FB is expressed as [6,10]: 

 
2)( nBFB   , (4-3) 

where β is a coefficient. 

By collecting the expressions of Fv and FB indicated in Equation 4-2 and 4-3, 

Equation 4-1 is then rewritten as: 
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where Cs is the ion sound speed, ρ is the Larmor radius, and rp is the radius of the tip of 

the directional Langmuir probe.   These three quantities are introduced to normalize the 

correction coefficients.  b is the unit vector of the magnetic field B. 

Since FB(n) = FB(-n), the effect of magnetic field to the measurement can be 

eliminated by considering the quantity Isat(n) / Isat(-n) [6,10]: 

 

n
C

v

n
C

v

I

I

nI

nI

s

s











'1

'1

)(

)(

)(

)(

sat

sat

sat

sat








, (4-5) 

where θ is the rotation angle of the directional Langmuir probe defined in the experiment.  

It can be derived from Equation 4-5 that: 
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Equation 4-6 can also be written as: 
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The term Isat(θ+π)-Isat(θ) is the difference of the probe saturation current at two 

opposite positions, and can be written as δIsat.  On the other hand, the term Isat(θ+π)+Isat(θ) 

represent the average probe saturation current <Isat>, and Isat(θ+π)+Isat(θ) = 2<Isat>.  Then 

Equation 4-7 is modified to be 
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(4-8) 

Equation 4-8 shows a characteristic of a shifted cosine function.  Therefore, the flow 

angle θf can be determined by performing function fitting to the experimental data of 

δIsat/<Isat>. 
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4.2.2 Flow speed 

Flow angle θf in Equation 4-8 is possible to be determined by applying function 

fitting method to the experimental data of directional probe.  However, the flow velocity 

is impossible to obtain in this process because of the two unknown variables α and v.  

One of the methods to obtain the coefficient α is to calibrate the directional Langmuir 

probe in the plasma with a known flow.  A preferable approach is to put the directional 

Langmuir probe in a crossed field (E × B field) with specific magnetic field B and known 

electric field E.  Since the flow speed of the plasma in the cross field is v = E/B [11], α is 

determined from the data of directional Langmuir probe.  The flow speed v can be 

derived with known α and θf.  In the RNIS, the plasma flow in the extraction region is not 

dominated only by E × B drift. This calibration method is thus not available in this case. 

An alternative of the calibration method is to estimate the flow speed from the 

saturation current of the directional Langmuir probe directly.  Several works has been 

conducted to interpret the data of a directional Langmuir probe and to evaluate the flow 

speed [1-3,12,13]. 

The fundamental concept of the operation of a directional Langmuir probe is that the 

flow speed of charged particles is possible to evaluate by the difference of the saturation 

current collected by the probe which faces to two opposite directions.  If the saturation 

current densities of the directional Langmuir probe facing to the upstream and 

downstream directions are j+ and j-, a relation between the ratio R= j+/ j- and Mach 

number of the flow M = v/Cs can be developed.  v is the flow speed and Cs is the ion 

sound speed 
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where k is the Boltzmann constant, Te and Ti are temperatures of electrons and positive 

ions, and mi is the mass of a positive ion. 

Chung et al. showed that the ratio R can be written quite accurately as [12,14] 



97 

 

 
KMe

j

j
R 





. (4-10) 

Note that K is in uppercase and is a new constant and is introduced to determine the 

flow speed in the plasma. 

In the case of positive ion, the current density is indicated as the following equation 

[2] 
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where q is the charge, vth is the thermal speed, e is the Euler’s number and ln e = 1, ni is 

the density of positive ions. 

By Equation 4-11, the ratio R is given by 
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The required K is then derived as [2] 
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The Mach number of the flow in plasma is then given by 
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The flow speed can be calculated by M and Cs 

4.3 Electron and positive ion flow in pure hydrogen plasma 

4.3.1 Flow direction 

In the experiments, the directional Langmuir probe had four probe tips as described in 

Section 4.2.1.  Since the four tips have the same surface area and the angle between two 

neighbor tips is 90o, the polar distribution of the probe saturation current can be obtained 

by rotating the directional Langmuir probe by 90o.  The probe data at four different 
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azimuthal angles were obtained at the same time and it reduced the total experimental 

time to obtain full angular distribution significantly. 

 

Figure 4-4. Polar distribution of probe positive saturation current at 19 mm apart from the 

plasma grid (z = 19 mm). 

 

 

Figure 4-5. Polar distribution of probe negative saturation current at 19 mm apart from the 

plasma grid (z = 19 mm). 
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In Cs-seeded plasma, the plasma in the extraction region of the RNIS forms negative-

ion-rich plasma.  The negative saturation current of the probe contains both electron and 

H- ion components.  Information about electron flow is difficult to obtain directly from 

the data of the directional Langmuir probe.  For this reason, pure hydrogen plasma, not 

including Cs, is applied for the measurements of electron and positive ion flows. 

Four polar distribution of probe data was obtained by rotating this probe every 30o in 

the azimuthal direction around the axis of the ceramic stem.  The results at 19 mm apart 

from the plasma grid are shown in Figure 4-4 and Figure 4-5, which are the distributions 

of positive saturation current and negative saturation current, respectively.  The negative 

saturation current is one order higher than the positive saturation current, because 

electron current is included in the former current.  Both of the two distributions have the 

maximum values at ~240o.  This phenomenon suggests possible incoming flows of 

electrons and positive ions are from this direction. 

Equation 4-8 indicates that the quantity δIsat/<Isat> has a form of cos(θ-θf).  Also, the 

probe saturation current Isat(θ) shows a periodic distribution with a period of 2π as shown 

in Figure 4-4 and Figure 4-5.  Isat(θ) can be resolved into Fourier series 
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(m = 1, 2, 3 …). 

(4-14) 

For m = 1, θ1 = θf.  Taking the positive saturation current data shown in Figure 4-4 as 

an example, the amplitude for each component m = 1 to 6 is shown in Figure 4-6.  For m 

= 1, A1 is ~0.62 and for m = 2, A2 is ~0.07.  The Fourier amplitude for m ≥ 2 is one order 

lower than that of m = 1.  It is reasonable that the Fourier components for m ≥ 2 can be 

omitted.  Function fitting to the quantity δIsat/<Isat> gives the flow direction.  It has been 

mentioned in Chapter 3 that the plasma in z direction is not uniform and has a distribution.  

Deviation of the saturation current δIsat includes a component caused by the spatial 

profile of the plasma in z direction which is shown in Figure 4-7. 
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Figure 4-6 Fourier amplitude for m = 1 to 6. 

 

Figure 4-7. Profiles of negative and positive saturation currents in z direction. 

Linear correction is applicable for the deviation δIsat as schematically illustrated in 

Figure 4-8.  The solid line indicates the linear profile of positive or negative saturation 

current and is expressed as Isat = k’·L+D, where k’ is a factor for the linear relation, L is 

the distance from the plasma grid, and D is the saturation current at z = 0.  The quantity 
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<Isat> = [Isat(θ+π)+Isat(θ)]/2 is not affected by the linear profile.  At the angle θ = 0, the 

deviation δIsat = Isat(θ+π)-Isat(θ)-ΔIsat, by subtracting the influence ΔIsat caused by the 

profile.  ΔIsat varies with the azimuthal angle θ, and is expressed as ΔIsat(θ) = k’·ΔL·cos(θ) 

= ΔIsat·cos(θ).  Finally, the required δIsat is given by 

 )cos()()()(δ sat   satsatsat IIII . (4-15) 

 

The corrected quantity δIsat/<Isat> is then fitted by function A1·cos(θ-θf) as shown in 

Figure 4-9.  The function fitting provide the flow angle θf = 82.9±1.7o.  The direction of 

the flow at z = 19 mm is then determined. 

 

 

Figure 4-8. Correction method for δIsat. 
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Figure 4-9.  The quantity δIsat/<Isat> fitted by function A1·cos(θ-θf). 

 

 

Figure 4-10. Flow directions of electrons and positive ions in pure hydrogen plasma. 

The non-centrosymmetric characteristic of the polar distribution of negative 

saturation current indicates the electron flow.  By the same procedure as calculating the 

positive ion flow direction, the electron flow direction also has been obtained.  Both flow 
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directions of electrons and positive ions at z = 12, 19, and 26 mm are shown in Figure 

4-10.  Almost the same flow directions of electrons and positive ions were ontained in the 

expeiments.  It indicates the movement of electrons and positive ions is ambipolar.  

 

4.3.2 Flow speed 

Figure 4-10 shows that the plasma flow can be separated into y and z components.  In 

y direction, the flow speed is estimated from the discussion in Section 4.2.2.  In the pure 

hydrogen plasma at 2.4 V of bias voltage of the plasma grid Vbias and 0.3 Pa of 

hydrogen pressure, the electron temperature is evaluated to be 0.65 eV by a Langmuir 

probe.  The positive ion temperature is assumed to be 0.3 eV which is the same as the 

temperature of the filaments of the ion source.  In addition, the hydrogen atom 

temperature has been measured by means of laser absorption spectroscopy and has been 

evaluated to be ~0.3 eV [15].  It is reasonable to assume positive ions have the same 

temperature as hydrogen atoms.  According to Equation 4-9, the ion sound speed is 

~1×104 m/s.  The ratio of the saturation current densities of the directional Langmuir 

probe measured by probe tips at upstream and downstream positions is R=2.4.  The 

important coefficient K is calculated to be K = 2.32 according to Equation 4-13.  The 

Mach number is then estimated as M = 0.38 according to Equation 4-14.  Finally, flow 

speed in y direction is vy = M·Cs = 3800 m/s.  The speed of flow in z direction vz can be 

calculated from vz = vy/tan(θf) = -470 m/s, where θf = 83o is the flow angle at z = 26 mm. 

In the extraction region of the RNIS, the profile of plasma potential suggests an 

electric field E = 25 V/m exists as shown in Figure 4-11.  Since the filter field 

perpendicular to this electric field is 0.006 T.  The crossed electric and magnetic field 

causes a drift in y direction to the charged particles.  The speed of the drift is vd = E/B ≈ 

4200 m/s which is consistent with the measured flow speed in y direction.  This suggests 

electron and positive ion flows in y direction is dominated by E×B drift. 
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Figure 4-11. Profile of plasma potential in z direction. 

The flow in z direction towards plasma grid and is considered to be caused by 

collisions.  The flow speed is [11] 

 
n

n
DEvz


  , (4-16) 

where μ is the mobility of electrons.  With the assumption of ambipolar diffusion across 

the magnetic field, electron flow has the same speed as positive ion flow Diffusion 

coefficient and plasma density are denoted with D and n, respectively.  Without magnetic 

field, the electron mobility is given by 
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where q and m are the charge and mass of an electron, respectively.  νm is the effective 

collision frequency for momentum transfer.   In a magnetic field, electron mobility 

decreases because of the confinement by the magnetic field and is given by [11,16,17]: 
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where ωe is the electron-cyclotron frequency.   

Both of the electron-neutral collision and electron-positive ion collision transfer the 

momentum.  The electron-neutral collision frequency is proportional to the hydrogen 

pressure.  For 0.3 Pa of hydrogen, the collision frequency is ~1×107/s [18].  The 

frequency for momentum transfer between electrons and positive ions is given by [19] 

 











 ln109.2
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n e

iei , (4-19) 

where ni is the density of positive ions and is assumed equal to the electron density since 

the plasma is pure hydrogen plasma without Cs and the position is far away from the 

plasma grid, and ni = ne = 3×1017/m3 is measured by the Langmuir probe. For Equation 4-

19, lnΛ is given by lnΛ = 10 which is sufficiently accurate regardless of the type of the 

plasma [11].  The electron-ion collision frequency νei is then calculated to be νei = 

1.7×107/s.  Therefore, the effective momentum transfer frequency is νm = 2.7×107/s.  

According to Equation 4-18 the electron mobility is μ = 4 m2/(V·s). 

The diffusion coefficient D is given by 
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where re is the Larmor radius of electrons.  Finally, the flow speed in z direction is 

estimated to be -240 m/s.  The symbol “-” indicates the flow is to the negative direction 

of z. 

Table 4-1. Summary of electron and ion flow velocities at z = 26 mm. 

 vy (m/s) vz (m/s) 

Probe measurement 3.8 × 103 -470 

Crossed-field and ambipolar diffusion estimations 4.2 × 103 -240 

 



106 

 

The flow speeds in both y and z directions are summarized in Table 4-1.  The results 

suggest the electron and positive ion flows are dominated by crossed-field drift in y 

direction and ambipolar movement in z direction. 

 

4.4 Two-dimensional flow pattern 

From the one-dimensional flow measurement results discussed in Section 4.3, it 

became clear that electron and positive ion flows are dominated in y direction by crossed-

field drift and ambipolar diffusion in z direction.  Consequently, flow of electrons follows 

that of positive ions. 

The flow in negative-ion-rich plasma with Cs-seeding is more interesting.  Therefore, 

flow measurements were conducted in the plasma with well Cs-conditioning.  The 

measurement points were scanned two-dimensionally, and flow patterns of electrons and 

positive ions have been obtained.   

 

Figure 4-12. Arrow plot of the two-dimensional flow pattern. (a) before beam extraction and 

(b) during beam extraction 
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Figure 4-12 shows the two-dimensional flow pattern of positive ions before and 

during beam extraction in negative-ion-rich plasma with Cs-seeding.  Since electron flow 

follows positive ion flow, the flow pattern shown in Figure 4-12 is possible to represent 

the electron flow.  Note that in y direction, y = 0 indicates the central axis of the 

extraction aperture.  However, this arrow plot includes only fifteen measurement points.  

In order to obtain clear feature of the two-dimensional flow pattern, interpolation was 

applied to the arrow data and streamline plot of the flow pattern has been acquired. 

 

 

Figure 4-13. Steamline plot of the two-dimensional flow pattern. (a) before beam extraction 

and (b) during beam extraction 

 

Figure 4-13 shows the flow pattern of positive ions with more details before and 

during beam extraction.  It can be found that in negative-ion-rich plasma, the streamlines 

are almost parallel in the measurement region.  During beam extraction, H- density 

decreases and additional electrons appear in the measurement region.  The streamlines 

near the plasma grid bend to the metal part of the plasma grid.  A possibility is that the 

additional electrons induced by beam extraction are affected by the EDM field illustrated 

in Figure 3-16 and Figure 3-21.  In order to put forward a clear physical picture, the flow 

pattern is plotted with the plasma grid and shown in Figure 4-14.  In this figure, the 

measurement region with respect to the plasma grid is demonstrated.  The flow pattern in 

Figure 4-14 is the flow during beam extraction and same as Figure 4-13 (b).  
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Figure 4-14. Two-dimensional flow pattern of positive ions during beam extraction.  The 

measurement region is indicated.  The cross points of dash lines are the measurement positions. 

The influence of the extraction electric field to the plasma can be investigated by the 

change of the positive ion flow caused by the beam extraction.  Subtracted pattern of the 

flow before beam extraction from that during beam extraction is obtained and indicated 

in Figure 4-15.  In this figure, both of the EDM field and plasma grid are plotted.  

Considering the flow pattern before beam extraction as a background and the transition of 

flow occurs is in a finite time, the change of the flow velocity can be regarded as the 

additional fluxes of electrons and positive ions induced by beam extraction.  The flux 

increases come from lower side to upper side in this figure and are flowing in a channel 

which is ~20 mm apart from the plasma grid.  If a Langmuir probe is located in this 

channel, the maximum plasma response can be detected.  This characteristic is consistent 

with the plasma response shown in Figure 3-22.  The change of the flow goes the cusp 

region of the EDM field.  During beam extraction, additional electrons and positive ions 

flow to the extraction region from the driver region, and cause the flux increases.  The 

extraction induced additional electrons and positive ions, included in the flux increments, 
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are trapped into the magnetic cusp and absorbed by the metal part of the plasma grid.  

The two-dimensional flow pattern shown in Figure 4-15 does not show a source of the 

flux.  This phenomenon suggests these electrons and positive ions may come from 

perpendicular direction of the y-z plane following the filter field, because charged 

particles have higher mobility along the magnetic field lines than that perpendicular to 

the magnetic field lines. 

The flow change is the difference between the stable plasma flows before and during 

beam extraction with a time interval Δt.  If Δt is considered as the time interval just 

before and after the extraction voltage is applied.  The force direction can be derived 

since a = Δv/Δt, where a is the acceleration and Δv is the change of the flow velocity.  

Therefore, the streamlines shown in Figure 4-15 also indicate the direction of force 

applied to the positive ions caused by beam extraction. 

 

Figure 4-15. Change of positive ion flow due to beam extraction.  The EDM field is also 

shown. 
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In the beam extraction region of the RNIS, both of the EDM field and filter field exist.  

Close to the plasma grid, the dominant magnetic field is the EDM field and the region far 

from the plasma grid is dominated by the filter field which is perpendicular to the EDM 

field.  The filed lines of the magnetic filter connect to those of EDM near the plasma grid 

as shown in Figure 4-16.  Therefore, a transition region of the filter field and the EDM 

field exists. The flow channel for electrons and positive ions of the flux increments is in 

this transition region as indicated in Figure 4-15.  

 

Figure 4-16. Three-dimensional structure of magnetic field of the RNIS. 

From the two-dimensional flow pattern of electrons and positive ions, a physical 

picture of electron and positive ion movements during beam extraction is interpreted as 

follows. 

After the extraction voltage is applied, a part of H- ions are extracted.  To conserve 

the charge neutrality, electrons flow from the driver region to the extraction region 

together with some positive ions, since the movements of electrons and positive ions are 

ambipolar.  The mobility along the linkage field from the filter magnet to EDM is larger 
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than that perpendicular to the magnetic fields induced with both of the magnetic fields.  

As a consequence, electrons and positive ions mainly flow along the filer field and the 

linkage field illustrated in Figure 4-16 to the transition region.  In this region, electrons 

and positive ions experience drift in crossed field mainly and are trapped by the magnetic 

cusp of the EDM field.  Finally, electrons and positive ions flow onto the plasma-grid 

surface guided by the cusp field. 

 

4.5 Summary 

In order to understand the mechanism of the flows of electrons and positive ions from 

the driver region to the extraction region and the unexpected position of the maximum 

plasma response due to beam extraction, experiments about electrons and positive ion 

flow were conducted in the extraction region of the RNIS.  A four-pin directional 

Langmuir probe has been utilized for the experiments.  The flow direction has been 

determined by the periodic distribution of the probe saturation current by rotating the 

directional Langmuir probe.  The flow speed has been determined by the difference of 

probe saturation currents at upstream and downstream positions.   

In the extraction region, the flows of electrons and positive ions are dominated by 

E×B drift in y direction and ambipolar diffusion in z direction.  In Cs-seeded plasma, the 

two-dimensional flow pattern has been obtained by scanning the measurement position.  

Subtracting the flow pattern before beam extraction from that during beam extraction, the 

change of the flow velocity caused by the extraction electric field has been obtained.  

This flow change indicates the increments of electron and positive ion fluxes.  The 

electrons and positive ions, included in the flux increments, come from the driver region 

caused by the beam extraction.  The process of these electrons and positive ion flowing 

from the driver region to the extraction region is as follows. 

1) The extraction induced electrons and positive ions carrying the flux 

increments move mainly along the filter field.  
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2) Following the linkage field, these electrons and positive ions reach the 

transition region of the EDM field and the filter field.   

3) In this transition region, these electrons and positive ions flow from lower side 

to upper side. 

4) These electrons and positive ions are trapped into the magnetic cusp of the 

EDM field and absorbed by the grid metal.   

The transition region acts as a flow channel which is ~20 mm apart from the plasma 

grid, and is regarded as a source region of the electrons and positive ions.  If a Langmuir 

probe is located in this channel, the maximum plasma response can be detected.  This is 

consistent with the profile measurement in z direction described in Chapter 3. 
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5. H- ion flow 

The measurements of electron and positive ion flows have given a physical picture 

for the transport processes of electron and positive ions during beam extraction.  The 

two-dimensional patterns of electron and positive-ion flows show that plasma in the 

extraction region responds to extraction electric field not in the vicinity of the extraction 

aperture but far from the aperture unexpectedly.  The next question is how H- ions 

responds to the extraction field and behave in the electron and positive ion flows.  Those 

data lead to the understanding of the mechanism of H- ions extraction through their 

production in the extraction region.  For this purpose, measurements on the H- flow are 

required. 

 

5.1 Possible extraction mechanisms for the extraction of H- 

ions 

In a Cs-seeded negative hydrogen ion source, H- ions are mainly produced on the 

surface with low work function.  In a negative hydrogen ion source with converter shown 

in Figure 5-1, the surface, on which H- ions are produced, is facing to the extraction 

aperture [1,2].  The converter is negatively biased.  H- ions produced on the converter 

surface are accelerated to the plasma by the electric field and extracted directly without 

collisions [2].  

In the negative hydrogen ion source for NBI systems, the plasma grid acts as a 

converter.  H- ions are produced on the plasma grid surface, which is facing to the plasma, 

as illustrated in Figure 2-1.  The initial directions of the surface produced H- ions point to 

the plasma, and the process from production to extraction is not clear. 
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Figure 5-1. Multi-cusp negative hydrogen ion source with converter [1,2]. 

 

 

 

Figure 5-2. Candidate (1) for the mechanism of H- ion extraction.  H- ions are produced on 

the conical surface of the aperture and extracted directly. 
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Figure 5-3. Candidate (2) for the mechanism of H- ion extraction.  H- ions are produced on 

the plasma grid surface and turn to the extraction aperture in the plasma. 

 

There are two possible extraction mechanisms for H- ions in Cs-seeded negative 

hydrogen ion source for NBI:  

(1) H- ions are produced on the conical surface of the plasma-grid aperture and 

extracted directly to the accelerator as shown in Figure 5-2.  This mechanism is similar as 

the extraction process in the converter-type negative ion source shown in Figure 5-1 [1,2].  

By this mechanism, H- ions do not go through the plasma.  Destruction of H- ions due to 

collisions is possible to reduce. 

(2) H- ions are produced on the surface of the plasma grid, flow to the plasma in the 

extraction region, and then turn to the extraction aperture.  By this mechanism, a bending 

process exists from the production to extraction as shown in Figure 5-3.  The result 

obtained with two-dimensional CCD image through Hα filter suggests H- ions are 

extracted from wide region in the extraction region [3]. 

Therefore, experiments on the H- flow in the extraction region of the RNIS are 

required to confirm the extraction mechanism of H- ions. 
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5.2 Identification of H- ion flow 

5.2.1 Recovery time 

In photodetachment, the pulse duration of the laser irradiation is only several 

nanoseconds.  H- ions in the laser column are detached to H atoms and electrons.  An 

immediate and sharp increase of the photodetachment current is observed due to the 

swarm of the detached electrons [4] as shown in Figure 5-4 (a).  Meanwhile, because the 

radius of the probe sheath is the same as that before photodetachment in the beginning 

phase, a spike appears in the waveform of the photodetachment current as discussed in 

Chapter 2.  Photo-detached electrons in the collection region of the probe tip are depleted 

by the probe and those outside the collection region flow out the laser column [4,5].  H- 

ions surrounding the laser column flow into this region to conserve the charge neutrality 

and recover to its original state as shown in Figure 5-4 (b).  In this process the decrement 

of the photo-detached electron density is affected by the flow-in speed of the negative 

ions [6].  Thus a plateau appears in the trace of the photodetachment current [7].  After 

most of the photodetached electrons are depleted, the photodetachment current decreases 

rapidly.  An overshoot appears in the photodetachment current.  One of the possibilities is 

that the overshoot is induced by the combination of the capacitor and the external circuit. 

 

Figure 5-4. Schematic illustration of photodetachment process. (a) during laser irradiation and 

(b) just after the laser irradiation. 
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When the negative ions coming from the boundary of the photodetachment region 

reaches the edge of the probe sheath, all the photo-detached electrons are replaced by 

negative ions.  The photodetachment current then decreases to 0.  Therefore, the 0 cross 

point of the signal is defined as the recovery time [6] as illustrated in Figure 5-5. 

 

Figure 5-5.  Trace of photodetachment current with indication of recovery time. 

 

5.2.2 Recovery speed 

With the determination of the recovery time, the recovery speed is then calculated by 

vr = D/t, where D is the distance from the boundary of the laser column to the edge of the 

probe sheath, and t is the recovery time.  In the laser column, the typical electron density 

is ~2.5×1017/m3, and photodetached-electron temperature is ~0.4 eV.  The Debye length 

is on the scale of micrometer.  Comparing with the dimension of the probe tip which has 

a radius of 0.5 mm, the sheath thickness is ignorable.  Therefore the recovery speed is 

then given by vr = (RL-rp)/t, where RL is the radius of the laser beam which is 1.7 mm for 

the flow measurement and rp is the probe tip radius of 0.5 mm. 

Combining the photodetachment and directional Langmuir probe, Kado et al. 

proposed a method named Laser Photodetachment Velocimetry (LPDV) to determine the 

temperature and flow velocity of H- ions [6].  Due to the shadow effect of the directional 

Langmuir probe, a difference of the recovery speed at two opposite positions of the 
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directional Langmuir probe can be observed if the flow of H- ions exists and the flow 

velocity and temperature of H- ion is possible to determine.  This method is introduced in 

Section 5.2.4. 

 

5.2.3 Alignment of laser beam and probe tip 

Since the recovery speed is calculated by vr = (RL-rp)/tr, it is essential to align the 

probe tip in the laser beam co-axially.  This work is a challenge in engineering because 

the probe is enclosed in the ion source and it is impossible to check the positions of laser 

beam and probe tip directly.  Therefore, a method has been developed to check the 

position of the laser beam as illustrated in Figure 5-6 and Figure 5-7.   

 

 

Figure 5-6.  Configuration of the four-pin directional Langmuir probe for H- ion flow 

measurement. 
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Figure 5-7. Schematic demonstration of the alignment of laser and probe tip.  The laser beam 

position is confirmed from the shade of the probe tip in the laser facula on the film. 

 

The main structure of the system is the external tube as shown in Figure 5-6.  Inside 

this tube the four-pin directional Langmuir probe is installed co-axially.  Between the 

probe stem and the external tube, there is a space.  Laser beam irradiated though the 

probe tip passes through the gap and then the quartz window at the opposite end of the 

system.  Then the laser facula is recorded on a heat sensation film facing to the laser as 

shown in Figure 5-7.  The position of the probe tip in the laser beam is monitored as the 

shade in the laser facula.  If the probe tip is just in the center of the laser beam, the edge 

of the tip shade is in the center of the laser facula.  By this method, the laser was aligned 

perfectly to make sure the probe tip is co-axial with the laser beam.  

5.2.4 Determination of H- flow and temperature 

As introduced in Section 5.2.2, the recovery speed at two opposite positions of the 

directional Lagnmuir probe is applicable to determine the flow velocity and the 

temperature of H- ions.  The laser beam was irradiated to each probe tip, respectively, as 

illustrated in Figure 5-8.  Recovery speeds of vrA, vrB, vrC, and vrD, corresponding to probe 

tip indicated as A, B, C and D, respectively, are obtained from the measurements of 

recovery times.  The H- flow is assumed to have an x component vx and a y component vy, 

and vx is from left side to right side.  In the flow measurement of positive ions and 

electrons, it has been found that the thermal velocity is higher than the flow velocity.  It is 

reasonable to assume that thermal velocity of H- is also higher than its flow velocity.   
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Figure 5-8. Conceptual illustration of the measurement of H- flow. 

With the assumptions above, the recovery speed at probe A and probe C are vrA = vth 

+ vx and vrC = vth- vx, respectively as shown in Figure 5-8, where vth is the thermal 

velocity of H-.  vx and vth are given by 
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With the assumption of Boltzmann velocity distribution of H- ions, the thermal 

velocity of H- ions is expressed as  
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where TH- is the temperature of H- ions.  By the thermal velocity obtained from Equation 

5-1, H- temperature is then derived. 

The data obtained at probe A and C provide H- temperature and flow velocity in x 

direction vx.  By the same procedure described above, the flow velocity in y direction vy 

is given by the recovery speed at probe B and C.  Finally, the total flow velocity is vf = vx 

+ vy.  vf is the flow velocity at the center of the probe stem.  Therefore, this method 

provides the mean flow velocity of probe stem position.  
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5.3 H- flow and temperature 

By the method introduced in Section 5.2, one-dimensional flow velocity has been 

measured along the central line of the grid metal as indicated in Figure 5-9.  The flow 

velocity at each measurement point is listed in Table 5-1.  Note that negative flow 

velocity indicates the flow points to the negative direction of the coordinate definition.  

The H- temperature was estimated to be 0.12 ± 0.03 eV in the experiments.  This result is 

consistent with the H- temperature which is 0.05 – 0.15 eV obtained by saturated cavity 

ring-down method [8].  The thermal velocity is ~5400 m/s and is one order higher than 

the flow velocity.  The result shown in Figure 5-9 indicates that H- ions are produced on 

the surface of the plasma grid and flow to the plasma in the extraction region. 

 

 

Figure 5-9. One-dimensional H- flow during beam extraction. 
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Table 5-1. Flow velocity of H- ions. 

 z = 14mm z = 19 mm z = 24 mm 

vy -298 m/s -326 m/s -456 m/s 

vz 1127 m/s  350 m/s  119 m/s 

vf 1166 m/s  478 m/s  461 m/s 

 

 

 

Figure 5-10.  Function fitting for the periodic distribution of recovery time. 

 

In Chapter 4, the flow directions of electrons and positive ions are determined by the 

periodic distribution of the probe saturation current.  This method is also useful for H- ion 

flow measurement to confirm the measured flow direction.  Since the measured quantity 

is the recovery time t, the ratio δt/<t> should have a characteristic of shifted cosine 

function.  Following the procedure introduced in Chapter 4, FFT analysis and function 

fitting can be performed to the experimental data.  The result for the data at z = 19 mm is 

shown in Figure 5-10.  It can be found that the function for the experimental data is 
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0.166·cos(θ-46.1).  It means the angle between the incoming flow and the z axis is 46.1o.  

On the other hand, this angle is also calculated by arctan(vy/vx).  At z = 19 mm, the angle 

is arctan(326/350) = 43o which is close to the value determined by function fitting.  

Therefore, the method to measure the H- flow by the recovery time can be confirmed. 

5.4 Production and extraction of H- ions 

5.4.1 Flow pattern of H- ions 

By scanning the measurement position in the beam extraction region, two-

dimensional flow pattern of H- ions has been obtained during beam extraction.  As shown 

in Figure 5-11, there are 12 measurement points on y-z plane.  The horizontal axis in 

Figure 5-11 indicates the distance from the plasma grid.  The origin of vertical axis 

indicates the center of the extraction aperture of the plasma grid.  Similar as the two-

dimensional flow pattern discussed in Chapter 4, the details of the flow pattern is not 

sufficient in arrow plot.  In order to have more information, interpolation has been 

performed to obtain the streamline plot as shown in Figure 5-12 with the indication of the 

measurement region. 

 

Figure 5-11. Arrow plot of two-dimensional H- flow pattern 
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Figure 5-12. Streamline plot of the two-dimensional H- flow pattern with the indication of the 

measurement region during extraction. 

 

The flow pattern in Figure 5-12 has been obtained at hydrogen pressure of 0.3 Pa and 

bias voltage of the 0.3 V which is applied to the plasma grid.  This flow pattern shows H- 

ions come from the direction of the plasma grid surface and flow to the plasma in the 

extraction region.  H- ions from the direction of upper grid metal flow to the lower side, 

and those from the direction of lower grid metal flow to the upper side.  They join 

together near the central line of the extraction aperture and turn to the aperture direction.  

Comparing with the flow pattern of positive ions discussed in Chapter 4, the H- ions in 

the upper part of the measurement region flow to the opposite direction of the positive 

ion flow.  It suggests that the flows of H- ions and positive ions are mutual.  Positive ions 

feel the attraction of the H- ions produced on the plasma grid surface and flow to upper 

direction and turn to the plasma grid.  Meanwhile, H- ions are attracted by positive ions, 
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leave the plasma grid, and flow to the opposite direction of positive ion flow in the 

plasma. 

 

5.4.2 Production of H- ions 

 

 

Figure 5-13. Possible paths of H- ions from the surface of the plasma grid to the extraction 

region. 

 

The two-dimensional flow pattern of H- ions indicates that H- ions in the extraction 

region are mainly from the direction of the plasma grid.  The surface production of H- 

ions has been confirmed.  From the plasma grid surface to the extraction region, there are 

three possible paths as shown in Figure 5-13: 

(1) H- ion produced on the surface of the plasma grid flow to the plasma directly 

along path 1. 
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(2) H- ions produced on the surface of the plasma grid travel along a curve, along path 

2 to the plasma. 

(3) H- ions may come from the neighbor grid metal, travel long distance to the 

extraction region.  This process is demonstrated as path 3. 

In addition, H- ion flow in x direction, not shown in Figure 5-13 is also possible. 

 

 

Figure 5-14. Energy relation of incident particle and H-. 

 

In the Cs-seeded negative ion source, it has been confirmed that H- ions are produced 

on the surfaced of the caesiated plasma grid.  The H- temperature has been evaluated to 

be 0.05 – 0.15 eV by saturated cavity ring-down and ~0.12 eV by photodetachment.  H- 

ions are produced by the conversion of incident particles impact on the plasma grid.  The 

balance relation between the energy of incident particles and outgoing H- energy can be 

expressed as [9] εH- = εin – e(ϕ – Uaff), where εH- is the energy of outgoing H- ions, εin is 

the energy of incident particles, ϕ is the work function of the ceasiated plasma grid 

surface, and Uaff is the affinity energy of H-.  H- ions can escape from the surface of the 

plasma grid only if εH- > 0 or εin > εH- + e(ϕ – Uaff).  In the case of well Cs-conditioning, ϕ 

can be assumed to be 1.45 eV, and Uaff is 0.75 eV.  Considering εH- is 0.05 – 0.15 eV, εin 
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should be higher than 0.85 eV.  The H atom energy has been evaluated by Hα Laser 

Absorption Spectroscopy (Hα LAS) to be ~ 0.3 eV [10], which is lower than the required 

incident energy 0.85 eV.  On ther other hand, in the experiments by High-resolution 

Optical Emission Spectroscopy (HR-OES), 0.8 – 1.0 eV of particle energy has been 

observed.  The particles monitored in HR-OES experiments and cause Doppler shift are 

considered to be Hn
+, due to the response to the bias voltage of the plasma grid [11].  It 

suggests that Hn
+ has enough energy for the production of H- ions.  Therefore, the parent 

particles of H- ions are considered to be Hn
+. 

 

5.4.3 Extraction of H- ions 

From the two-dimensional flow pattern of H- ions shown in Figure 5-12, it can be 

found that H- ions flow to the plasma from the surface of the plasma grid turn to the 

aperture direction.  The bending of H- ion flow confirms one of the extraction 

mechanisms of H- ions, that is, H- ions come from the plasma grid surface turn their flow 

direction in the plasma as demonstrated in Figure 5-3.   

The stagnation point of H- ions is at ~ 20 mm apart from the plasma grid.  It 

corresponds to the position where the maximum decrement of H- density appears and the 

flow channel of extraction induced additional positive ion and electron fluxes.  H- ions in 

the region between plasma grid and the stagnation point can be extracted.  Outside this 

region, H- ions are trapped by the filter field and flow to the driver region due to the 

gradient of plasma potential.  Therefore, H- ions are not extracted directly from the 

plasma grid, but mainly from the region near the extraction aperture with a boundary of 

~20 mm apart from the plasma grid. 

 

5.4.4 Stagnation point of H- flow 

The position of stagnation point of H- flow is interpreted to be determined by the 

boundary of the EDM field and the Larmor radius of H-.  It has been introduced in 

Chapter 2 that a EDM loop field is generated in the gap between the extraction grid and 
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the plasma grid by a series of permanent magnet bars to deflect the co-extracted electrons 

from the extracted beam.  The EDM field penetrates into the extraction region though the 

plasma grid as shown in Figure 2-7.  The two-dimensional of the plasma profile suggests 

that the boundary of the EDM field in the plasma is ~10 mm apart from the plasma grid.  

In addition, in the extraction region of the RNIS, the Larmor radius of H- is ~10 mm.  An 

H- ion turns back to the aperture direction at ~10 mm apart from the boundary of the 

EDM field as demonstrated in Figure 5-15.  It means the turning point is at ~20 mm apart 

from the plasma grid.  The four-pin directional Langmuir probe with photodetachment 

provides the averaged effect of large amount of H- ions.  The turning positions of lots of 

H- ions are detected as the stagnation point of H- ions flow. 

 

 

Figure 5-15. Turning of an H- ion. 
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5.5 Summary 

In order to understand the unexpected position of the reduction of H- ion density 

caused by the extraction electric field and the extraction mechanism of H- ions in the Cs-

seeded plasma, four-pin directional Langmuir probe with photodetachment was utilized 

to the experiment to measure the H- flow in the extraction region.  The temperature and 

flow velocity of H- ion were determined by the recovery speed at opposite tips of the 

directional Langmuir probe. Temperature of H- ions was evaluated to be ~0.12 eV which 

is consistent with the result obtained by saturated cavity ring-down.  The velocity of H- 

flow is one order lower than the thermal velocities of H- ions.  By scanning the 

measurement position in the extraction region, two-dimensional flow pattern has been 

obtained.  The results of H- temperature and flow pattern during extraction indicate that: 

(1) H- ions come from the direction of the plasma-grid surface in the Cs-seeded 

plasma, flow to the plasma in the extraction region, and turn to the aperture during 

extraction. 

(2) Stagnation point of H- flow is at ~20 mm apart from the plasma grid.  This 

position corresponds to the location where the maximum plasma response due to 

extraction appears.  The channel of extraction induced additional electron and position 

fluxes is also in the same position in z direction. 

(3) H- flow is governed by the EDM field. 

(4) H- ions are not extracted from the plasma grid surface directly, but mainly from 

the region near the aperture. 

(5) The extraction process occurs in a region near the aperture with a boundary of ~20 

mm apart from the plasma grid. 

(6) The parent particles of H- ions are considered to be Hn
+. 
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(7) The low H- temperature is one of the evidences for the low divergence angle of 

the beam. 
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6. Conclusions and outlook 

Negative ion based neutral beam injector (N-NBI) is an indispensable device for 

plasma heating and current drive for a fusion reactor due to the advantages of high 

neutralization efficiency at high beam energy and low beam divergence angle.  As the 

source of negative ions, the ion source determines the performance of the N-NBI system.  

In order to understand the mechanisms of electron and positive ion flow during beam 

extraction and the extraction of H- ions in Cs-seeded plasma for the improvement of the 

present negative hydrogen ion source, investigation on charged particle dynamics of the 

negative-ion-rich plasma is required.  In this research, Langmuir probe, cavity ring-down, 

photodetachment, and four-pin directional Langmuir probe have been utilized for the 

experiments on the RNIS to investigate the characteristics of the negative-ion-rich plasma 

and the charged particle flows. 

In Chapter 1 of this thesis, the worldwide energy issue and the importance of the 

development of magnetic confinement fusion was introduced.  A neutral beam injector 

can inject high energy particles into a fusion device to heat the core plasma and drive 

plasma current.  Having the advantages of high neutralization efficiency and low beam 

divergence angle, the N-NBI system is a preferable choice.  The basis of negative 

hydrogen ion source has been introduced in this Chapter.  In a negative hydrogen ion 

source, negative ions (H-) are produced by two mechanisms: (1) a hydrogen molecule is 

vibrationally excited by the collision with a fast electron and a slow electron can attach 

onto this exited H2 molecule.  The decay of this molecule produces a hydrogen atom and 

a negative ion.  This process is named dissociative attachment and this mechanism is 

named “volume production”; (2) a proton or hydrogen atom impacts on the ceasiated 

metal surface which has low work function, the incident particle is possible to capture 

electrons from the metal and bound back as an negative ion (H-).  This mechanism is 

named “surface production”.  In a practical negative ion source, Cs vapor is seeded and 

H- ions are mainly produced by surface mechanism.  N-NBI systems have contributed 
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remarkable achievements on LHD at NIFS and on JT-60SA at JAEA.  At NIFS, it has 

been observed in the negative ion source that nH- decreases and electron density ne 

increases during beam extraction.  Understanding of the mechanisms of the electron and 

positive ion flow in the extraction region and H- extraction is requied for the 

improvement of the negative hydrogen ion source.  Therefore, research on charged 

particle dynamic of negative-ion-rich has been conducted. 

In Chapter 2, the negative ion source utilized for the experiments named Research 

and Development Negative Ion Source (RNIS) was introduced and described, as well as 

the diagnostic methods.  This ion source is divided into a driver region and an extraction 

region by a transversal magnetic field named filter field.  Plasma is generated by 

filament-arc discharge and confined in the multi-cusp magnetic field.  During the 

diffusion process of the plasma from the driver region to the extraction region, electrons 

are trapped into the filter field and collide with neutral and charged particles, lose energy 

and the electron temperature decreases to be lower than 1 eV.  Loss of H- ions by electron 

detachment decreases and plasma with high nH- is obtained in the extraction region.  A 

bias voltage is applied to the plasma grid to suppress electrons and decrease the electron 

density near the plasma grid.  A magnetic field generated by electron deflection magnets, 

named “EDM field” is used to deflect the co-extracted electrons and filter the electron 

component from the extracted beam.  Three diagnostic tools have been applied to the 

experiments: Langmuir probe, cavity ring-down (CRD) and photodetachment.  The 

Langmuir probe has been used to obtain basic plasma parameters such as plasma 

potential, electron density and electron temperature.  The CRD provided line-averaged H- 

ion density.  The photodetachment technique was applied to measure the H- density at a 

specific point.  In the negative-ion-rich plasma, traditional method based on the probe 

current and electron density to evaluate H- ion density from the photodetachment current 

is not available.  Therefore, a new method by combining the CRD and the 

photodetachment technique has been developed.  The coefficient kpd = 0.105×1017∙m-3 

∙mA-1 has been estimated by the comparison of line-integrated H- ion density and the 

integral of the profile of the photodetachment current along the laser beam.  By using this 

new method, the H- density can be determined not only in the plasma with low density H- 

ions but also in negative-ion-rich plasma, even in ion-ion plasma in which essentially no 
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electrons exist.  For photodetachment, laser with wavelength of 1064 nm is necessary.  In 

order to drain all the detached electrons, the DC voltage applied to the probe should be 

higher than 40 V.  The laser beam is required to have a diameter higher than 2 mm.  The 

energy density of laser pulse should be in the range of 40 – 90 mJ/cm2 to detached all the 

H- ions in the laser column and avoid overestimation of the local H- ion density. 

In Chapter 3, the basic characteristics of the RNIS have been investigated by the 

diagnostics tools introduced in Chapter 2.  By seeding Cs into the ion source, nH- 

increases slowly and meanwhile ne decreases.  During Cs-conditioning, the plasma 

potential Vs decreases due to the emission of H- ions from the plasma-grid surface and H- 

ion density increases comparable to electron.  The influence of bias voltage of the plasma 

grid on the plasma has been investigated.  The negative saturation current of probe Ineg 

decrease monotonically with the increasing bias voltage of the plasma grid Vbias.  

Correspondingly, the extraction current shows the same characteristic as Ineg.  H- ion 

density nH- keeps stable at negative Vbias and decreases slowly when Vbias is positive.  The 

acceleration current shows the same behavior as that of nH-.  It is necessary to apply low 

bias voltage to the plasma grid in order to obtain high H- beam current with the premise 

of avoiding damage on the extraction grid.  Hydrogen pressure also influences the plasma 

in the extraction region.  nH- decreases at high pressure due to the mutual neutralization 

with positive ions. As a consequence, extraction and acceleration currents decrease as the 

pressure increases at high pressure.  Low operational gas pressure is beneficial to the 

RNIS, because stripping loss of H- ions due to collisions with neutral molecules and 

atoms are reduced at lower pressure.  However, the discharge is unstable in extremely 

low gas pressure, because the plasma of the RNIS is sustained by electrons impact 

ionization and the mean free paths of electrons are large at lower pressure.  In addition, 

electron percentage in the source plasma increases with respect to H- percentage in low 

gas pressure.  Consequently, 0.2 to 0.4 Pa of hydrogen pressure is a proper choice for the 

operation of the negative ion source. 

Plasma produced in the driver region diffuse across the filter field to reach the 

extraction region.  Therefore, the profile of the filter field affects the distribution of the 

plasma in the extraction region.  Plasma in the extraction region concentrates in the 
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central part of the extraction region.  Near the plasma grid, electrons are trapped into the 

magnetic cusp of the EDM field and absorbed by the metal part of the plasma grid.  The 

boundary of the EDM field is estimated to be at ~10 mm apart from the plasma grid. 

In z direction perpendicular to the plasma grid, the experimental results show the 

maximum plasma response to the extraction electric field is at ~20 mm apart from the 

plasma grid.  The boundary of extraction region and driver region is estimated to be at 

~40 mm apart from the plasma grid.  Although the maximum response is initially 

expected close to the extraction aperture, the experimental results show that the peak 

position of the plasma response is located far from the plasma grid.  The understanding of 

this unexpected phenomenon requires the information of charged particle flows in the 

extraction region. 

In Chapter 4, flows of electrons and positive ions have been investigated by a four-

pin directional Langmuir probe.  The flow direction has been determined by the periodic 

distribution of the probe saturation current by rotating the directional Langmuir probe.  

The flow speed has been determined by the difference of probe saturation currents at 

upstream and downstream positions.  In the extraction region, the flows of electrons and 

positive ions are dominated by E×B drift in y direction and ambipolar diffusion in z 

direction.  In Cs-seeded plasma, the two-dimensional flow pattern has been obtained by 

scanning the measurement position.  Subtracting the flow pattern before beam extraction 

from that during beam extraction, the change of the flow velocity caused by the 

extraction electric field has been obtained.  This flow change is considered as the flux 

increments of electrons and positive ions caused by the extraction electric field.  The flux 

increments come from the transition region of filter field and EDM field, which is at ~20 

mm apart from the plasma grid, move from lower side to upper side, and are finally 

trapped into the magnetic cusp of the EDM field.  If a Langmuir probe is located in the 

transition region, maximum plasma response is detected. 

In Chapter 5, the four-pin directional Langmuir probe with photodetachmen has been 

utilized to the experiments to investigated H- flow for the understanding of the extraction 

mechanism and the unexpected position of the maximum H- ion density reduction.  The 

temperature and flow velocity of H- have been determined by the recovery speed at 
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opposite tips of the directional Langmuir probe. Temperature of H- ion has been 

evaluated to be ~0.12 eV which is consistent with the result obtained by saturated cavity 

ring-down.  The velocity of H- flow is one order lower than the thermal velocity.  By 

scanning the measurement position in the extraction region, two-dimensional flow pattern 

has been obtained.  H- ions come from the direction of the plasma grid, flow to the 

plasma in the extraction region and turn to the aperture in the plasma.  The extraction 

mechanism of H- has been confirmed by this result.  H- flow has a stagnation point which 

is at ~ 20 mm apart from the plasma grid.  The maximum H- density reduction appears 

near the stagnation point.  The stagnation point is affected by the boundary of the EDM 

field and the Larmor radius of H- ion.  H- ions are not extracted directly from the plasma 

grid surface, but from the region near the aperture.  The extraction process occurs in the 

region near the aperture with a boundary of ~20 mm apart from the plasma grid.  From 

the evaluated H- temperature, the parent particles of H- ion are considered as Hn
+.  The 

low H- temperature is one of the evidences for the low divergence angle of the H- ion 

beam. 

The Cs-conditioning process suggests that the expansion of Cs atoms in the negative 

ion source is complicated and slow.  Before reaching the plasma grid, Cs atoms are 

covered on the wall of the plasma chamber.  In order to enhance the Cs transport, 

increasing the temperature of the plasma chamber by active temperature controlling is 

possible.  In the future, experiments by replacing the cooling water of the plasma 

chamber by hot water will be carried out to enhance the vaporization of Cs covered on 

the wall of the plasma chamber.  It is expected that Cs-conditioning time and Cs 

consumption is decreased. 

Because the EDM field can suppress the electrons near the plasma grid, and the 

stagnation point of H- flow is governed by the boundary of the EDM field.  Increasing the 

strength of the EDM field is beneficial to the suppression of electrons and increase of H- 

current.  In addition, the boundary of the EDM field is expanded and the area of the 

extraction region is increased.  Consequently, enhancement of electron suppression is 

expected and extracted H- beam current is increased.   
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In order to obtain high H- beam current, Cs has to be seeded into the ion source.  

However, Cs vapor can pollute the acceleration stage.  High consumption of Cs will 

increase the maintenance time of the negative ion source.  The development of Cs-free 

negative hydrogen ion source is necessary.  In the future, alternative materials with low 

work function such as diamond and diamond-like-carbon will be investigated for the 

surface production of H- ions as alternative materials for Cs-free negative hydrogen ion 

source. 
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